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1CHAPTER I
INTRODUCTION
The term "Polyurethane" refers to a large group of
synthetic organic polymers that have found widespread com-
mercial application in the last two decades. Polyurethanes
have the common feature of containing a significant number
HO
of urethane -(N-C-0)- linkages, regardless of the composi-
tion of the rest of the molecule. If one is not familiar
with the field of polyurethanes, one might wish to relate
them to ethyl carbamate (H2NC00C2H^) which has been knov/n
for many years by the simple term "urethane". It is rea-
dily apparent, however, that ethyl carbamate is not a pre-
cursor of the polyurethanes and that the polyurethanes can
not be depolymerized or hydrolyzed to give this compound.
The general structure of a linear polyurethane derived
from a diisocyanate (OCNRNCO) and a dihydroxyl compound
(HOR'OH) can be represented by the following formula
OH HO
. ( -R•-0-C-N-R-N-C-0)^-
The functionality of the hydroxyl-containing compound as
well as of the isocyanate can be increased to three or more
to form branched or cross-linked polymer. Other structural
changes can also be made easily. For example the nature of
2R may be altered by changing the aromatic diisocyanate to
aliphatic diisocyanate. Similarly, the nature of R' may
be changed drastically in molecular weight and type, such
as hydroxyl-terminated polyesters, polyethers and simple
glycols. The "prepolymer" method is usually used to pre-
pare soft polyester- or polyether-urethanes • In the first
step of this method the long chain or polyether (M = 2000)
is made to react with excess diisocyanate. The resulting
low molecular weight polymer is terminated with isocyanate
groups, and can undergo the usual isocyanate reactions.
It is called the "prepolymer" • The second step in the
process is the addition of low molecular weight glycol or
diamine in order to increase the molecular weight. The
final decision whether to terminate the remaining isocya-
nate groups or to cure them with active hydrogen-containing
groups will depend upon the reaction system and tempera-
ture. Therefore, a linear or cross-linked polymer can be
obtained. When this polymer contains a large portion of
hydrocarbon segments, it is called a "soft" polyurethane.
The polymer made directly from a diisocyanate and a simple
glycol which contains only short aliphatic or aromatic hy-
drocarbon segments and urethane groups is called a "hard"
polyurethane, because in general, it is more rigid at room
temperature than the polyester- or polyether-urethanes.
Therefore, it is to be expected that the polyurethanes
possess a wide capacity for application in fibers, soft
and hard elastomers, flexible and rigid foams, coatings,
and highly crosslinked plastics.
The present investigation of polyurethanes was
started in the late 1930 's by the German professor Otto
1 2
Bayer and co-v/orkers ' • They discovered that the diiso-
cyanate addition polymerization with glycols, such as
1,4 butylene glycol, led to the formation of polyurethanes
possessing properties that made them of interest in the
production of plastics and fibers. This development of
polyurethanes was still going on in Germany during the
years of World War II, but was not recognized in the United
States even after the war. In the early 1950* s, Bayer's
Laboratory introduced the development of polyurethane
elastomers (soft polyurethanes) and flexible foams for
commercial production to the United States, and the poly-
urethane industry began to grow rapidly in this country.
In i960 about 100 million pounds of flexible urethane foams
were sold^, and other major uses such as elastomers,
coating and adhesives were growing at a significant rate.
In 1964 the total sale of polyurethane products was over
230 million pounds^, and in I968 it was over 580 million
pounds^. The fast growing commercial importance of the
polyurethanes enhance their interest as material for
fundamental research.
The polymerization techniques and physical properties
of "soft" polyurethane materials were summerized by Saunders
7in a textbook . Synthetic methods and physical properties
of "hard" type of polyurethanes have also been reviewed by
8
Lyman • The relations between the melting points and the
length of the methylene sequence in aliphatic linear poly-
urethanes containing methylene linkage less than 10 units
Q
in length were discussed by Hill and Walker . The synthesis
of various polyurethanes from aromatic diisocyanates and
ethylene glycol were reported by Lyman^^* and the effects
of the aromatic rings on the physical properties were dis-
cussed* The relations between the thermal properties and
the structure of aliphatic and aromatic linear polyurethanes
with long methylene chain units have also been systemati-
12
cally investigated by Saotome and Komoto • The mechanical
properties of aliphatic linear polyurethanes have been
13 14
investigated by Becker et. al and Jacob et. al • These
workers found three relaxation regions labeled , P * and
}r respectively in order of decreasing temperature. The <X
relaxation is related to the glass transition, the relaxa-
tion involves absorbed water and the r relaxation is asso-
ciated largely with the motion of methylene sequences
in the diol.
In polyurethanes, as in many polymers containing
proton donors and acceptors, hydrogen bonding formation
has been considered to be an important factor affecting
many physical properties^ In the polyurethanes, the
hydrogen bonding is between the NH and C=0 groups. An
infrared absorption band occurs in the neighborhood of
-1 17
3,300 cm . D, S. Trifan et. al, studied the hydrogen
bonding in linear aliphatic polyurethanes and polyamides
by infrared and pointed out that NH groups are almost
completely hydrogen bonded at room temperature and are
dissociated to some extent at elevated temperature. The
value of the hydrogen bonding dissociation energy aH was
18found to be 8. 36+1.6 Kcal/mole. Boyarchuk, et. al
studied the hydrogen bonding in urethane elastomers based
on polyesters and polyethers and suggested that in the
polyester-urethane the main type of hydrogen bonding is
the bond betv/een the NH groups and ester groups, but in
the polyether-urethane, it is the bond between the NH
groups and C=0 groups of urethane units. T. Tanaka, et.
al''"^ also came to the same conclusion and pointed out the
diluent, temperature, and stress effect on the hydrogen
6bonding structure in polyurethane elastomers. Later T.
Tanaka, and his colleagues also did some quantitatively
studies of hydrogen bonding on the polyurethane elastomers,
and estimated that about 85^ NH groups are hydrogen
22,23bonded • Tobolsky and Cooper proposed a two domain
52 '53
model for polyurethane elastomers-^ '^'^ , in v/hich the hard
domains based on urethane segments are surrounded by the
soft matrix (polyester or polyether based). It is presumed
that these hard domains act as physical cross-links, im-
parting the obsei^ved elastic properties. By infrared stu-
dies of its hydrogen bonding structure^"^ he came to the
conclusion that the interfacial hydrogen bonding betv/een
two domains is very important.
From the above literature review we find that funda-
mental studies of the physical properties of hard poly-
urethanes are limited. Intensive and extensive studies on
the hard polyurethanes are apparently required for the
understanding of the relationship between the physical
properties and the chemical structure. In order to eluci-
date these problems three different series of hard poly-
urethanes have been chosen for investigation in this the-
sis. Thermal analysis, dynamic mechanical measurement and
temperature dependent infrared analysis will be discussed.
7CHAPTER II
EXPERIfffiNTAL
1. Sample preparation
The synthetic methods for preparation of hard poly-
urethanes can be classified into two types, addition
reaction and condensation reaction. The most important
synthetic method of addition polymerization is the
reaction of a diisocyanate with a diol,
Os:C=N-R-N=C=0 + HO-R'-OH
OH HO
A
-(C-N-R-N-C-O-R'-O) -
^ n
The most important synthetic method of the condensation
type involves the reaction of a. bischloro formate v/ith a
diamine.
9
C1-.C-0-R-0-C-C1 + H2NR'NH2
H ^ 0 0
^ i.(5l-R»-N-C-0-R-0-C) n
2nHCl
The diisocyanate with diol addition polymerization method
was adopted by our laboratory.
A melt polymerization technique was used by Bayer and
his group in the early years for the diol and diisocyanate
polymerization reaction, but this technique will fail when
the melting point is higher than the dissociation tem.pera-
8ture of the polyurethane. In addition, it leads to undesi-
rable side reactions. Various solution polymerization
techniques were studied in an effort to overcome these
limitations. Dimethyl sulfoxide has been knovm for years
to be a very good solvent for the preparation of poly-
urethanes The mixed solvents of dimethyl sulfoxide
with other nonreactive, nonpolymerized solvents have also
been found to afford even better control over the poly-
Q
merization
,
because, although there is a slight loss of
solubility, they minimize the side reaction of dimethyl
sulfoxide v/ith isocyanate. The cosolvent used here is
methyl isobutyl ketone.
Three different diisocyanates were reacted with a
series of c<., diols which have numbers of methylene
sequences from n = 2 to n = 10. The first diisocyanate
is hexamethylene diisocyanate . 0=C=N-(CH2) ^-N=C=0.
The second is 4, 4' methylene diphenyl diisocyanate »
The third is k methyl-metaphenylene diisocyanate
,
-CH
3
N=C=0
The polymerization processes are described in detail as
follows
9The reactor used v/as a three neck round bottomed flask
with ground glass joints, equipped with a thermometer, an
agitator sealed to prevent access of air and a Friedrich
condensor with a drying tube on the outlet. A heating man-
tle was used as a heater. The whole assembly was dried at
o
110 C for at least one hour and then flushed with nitrogen
gas in order to displace the air and moisture. In the ves-
sel" 0.1021 mole of diisocyanate was mixed with ml
methyl isobutyl ketone. Then 40 ml dimethyl sulfoxide was
added to the mixture and stirring was started. The mix-
ture was heated gradually to about 20°C below its reflux
temperature. The reflux temperatures are listed in Table
II-l. Slightly less than the stoichiometric amount of
diol (NCO/OH = 1.02) was added to the mixture from a hypo-
dermic syringe which was calibrated in 0.1 cc division.
After the diol was added, the mixture was heated to the
reflux temperature and maintained for the time listed in
Table II-l. Because the reaction of the isocyanate group
with alcohol involves a nucleophilic attack of the alcohol
on the carbon atom of the isocyanate group followed by a
1, 3 shift of the hydrogen atoms, the 4,4'methylene di-
phenyl diisocyanate and 4 methyl-metaphenylene diisocyanate
having higher electron withdrawing abilities, will have
greater reactivity than the hexamethylene diisocyanate, and
10
thus the latter v/ill require longer reaction times. After
reflux, the solution became cloudy, indicating separation
of polymer. Heating was continued for 10 to 60 minutes at
the reflux temperature until the polymerization was com-
plete. One or two drops of methyl alcohol were added to
the slurry to terminate the reaction. The slurry then was
poured into v;ater to precipitate the polymers, A Buchner
funnel was used to filter the precipitated polymers. They
were then v/ashed twice v;ith water and methyl alcohol in
order to flush out the remaining solvent and monomer. Then
the polymer was dried under a pressure of about 30 Hg
at 75°C for 2k hours. The structures of the polymer repeat
units are:
H series
f 0 H HO 1
- C-N-(CH2)5-N~C-0"(CH2)n-0 J -
^
n = 2 to 10
DP series
^ 0
N-C-0-(CH2)j,-0
J
n = 2 to 10
ro H
series
n = 2 to 10
11
The diisocyanates and solvents were purified by dis-
tillation under the following conditions
j
Hexamethylene diisocyanate 113-114°C/5inin Hg
^, ^* Methylene diphenyl diisocyanate 110°cA.3 mm Kg
4 Methyl-metaphenylene diisocyanate 70,3°C/0.6 mm Hg
Methyl iscbutyl ketone 113 • 1*113 •^°C/760mm Hg
Dimethyl Sulfoxide 60-6l°c/55 mm Hg
The diol must be anhydrous • The diols from 1, 2 ethane-
diol to 1, 7 heptane-diol were purified by vacuum dis-
tillation, 1, 8 octane-diol to 1, 10 decane-diol were
purified by recrystallization from hexane© The conditions
for the purification of the diols are listed in Table II-2
including the weight corresponding to 0.1021 mole.
The results of elemental analysis for carbon, hydrogen
and nitrogen are given in Table II-3 and agree very well
with the theoretical values which were calculated on the
assumption that the polymers have no branching and the
repeat units are exactly as described before. The visco-
sity average molecular weights, Mv, are listed in Table
20, 21 - - - a
ll-k. The calculations are based on [^J = KMv
Where K = 5«52 x 10 , a = 0.66.
The values of **K" and "a** were assumed to be identical to
0
those of polycaprolactam dissolved in DMF at 25 C.
2, Thermal measurement
A Perkin Elmer Differential Scanning Calorimeter
(DSC) model IB was used for thermal measurements, A
23block diagram of the instrument system is shown in
Figure 1, The schematic features of the DSC curves of
the polyure thanes investigated are
Temperature
13
(1) This transition involving a heat capacity change is
considered to be the glass transition (2 order tran-
sition). The end point of the transition is chosen to
represent T •
6
(2) This small endothermic transition is considered to be
a first order solid-solid phase transition. The peak
temperature is chosen to be T^.
(3) This large exothermic peak is due to crystallization.
The temperature of the peak maximum is assigned as
T
cry'
(4) This large endothermic peak represents melting, the
melting temperature being assigned as the maximum of
this endothermic peak.
The integral area of the transition peaks is related to
the internal energy change of the transition. It can be
expressed in calories by knov/ing the area-caloric conver-
sion factor which can be obtained from the melting area of
a known weight standard metal sample.
The programmer temperature (reading temperature) of
the high temperature range (0°C->500°C) was calibrated by
the melting points of Indium (156°C) and Lead (327°C), the
melting point of Mercury (-39°C) and Benzoic Acid (122°C)
0 o
were used for the low temperature range (-100 C *• + 200 C)
Ik
calibration. The scanning speed was set at 10°c/ininute
for regular running, extremely fast (80°c/minute) and slow
(0.625°c/minute) scanning rates were sometimes used for
testing.
The H and DP series samples are compression molded
o
into film at 10 C above their melting points. series
samples are molded at 50°C above their T 's, and then
allowed to cool in air. The quenched samples are plunged
to liquid nitrogen as soon as possible after the molding
operation. The annealed samples are sealed in vacuum in
a glass tube and heated in an oil bath at a specified
temperature for 2k hours. Approximately 10 mg samples
were employed in the DSC measurements.
3* Infrared measurement
The infrared spectra were obtained on a Perkin Elmer
double beam infrared spectrophotometer model 25?. In this
instrument the radiant energy in the sample and reference
beams is emitted by a heated ceramic tubing producing a
continuous spectrum of electromagnetic energy in the region
of 4000 cm"""" to 625 cm"''" wave number. Two back-to-back
replica gratings are used as monochromators for this wave
number range. Normal slit width and medium scanning speed
15
were used in all cases. In order to study the hydrogen
bonding structure change with temperature in the solid
state, a temperature variation chamber was built from
asbestos board glued with ceramic cement. The double
5^
window concept was adopted for building this chamber in
order to prevent the moisture condensing on the light
path windows in low temperature operation. The structure
of this chamber is described as follows (Figure ^,5).
Two symmetric half-boxes have their open mouths facing
each other, a thin layer of flat silicon rubber (1) was
cast on the edges of the open mouth. The tv/o symmetric
half-boxes are held together by rubber bands. The resul-
ting arrangement is reasonably gas tight. Another asbes-
tos wall crosses the middle of each half-box dividing the
chamber into three parts, the middle part called the sam-
ple compartment, and tv/o side parts called insulation
compartments. Four sodium chloride windov/s (2, 3) are
installed in line on each cross sectional wall to serve
as the beam path. The sample film (^) is placed between
two sodium chloride plates (5) and held tightly by a pair
of electric metal heaters (6) with a round hole in the
center for the sample beam path. An Iron-Cons tantan ther-
mocouple (7) is set in contact with the sample for tempera-
ture measurement. The thermocouple is calibrated by a
16
standard thermometer to + i°C«
Before the low temperature operation, at least 10 mi-
nutes flushing of dry nitrogen gas is required to displace
the air and moisture. Figure k illustrates the temperatu'je
variation system in detail. During the low temperature
operation, the cooling system is filled with the cooling
fluid (usually liquid nitrogen). The dry nitrogen gas
passing through the copper tubing is thus cooled and
flushed into the sample compartment to cool down the
sample. The displaced nitrogen gas will he heated by
passing through the heating system (1^) and flushed into
the insulation compartment again. Thus the window (2) in
contact with air will be kept at higher temperature and
will have no moisture condensed on it. The cooling tem-
perature is controlled by the nitrogen flow rate.
During the high temperature operation, the flushing
of low temperature nitrogen gas is shut off, and the elec-
tric heater is turned on to heat the sample. The tempera-
ture is controlled by a variac (16). At very high tempe-
rature the dry nitrogen gas may be flushed into the sample
compartment to prevent the sample oxidation. The reliable
operation temperature range for this chamber is from -60 C
to 250°C. At least 20 minutes at a given temperature
is
required to insure equillibrium.
17
The hydrogen bonding in hard polyurethane is between
17NH and C=0 groups
, The stretching absorption bands of
both these groups are very strong bands. Thus in order to
study the hydrogen bonding in solid polyurethanes the sam-
ple thickness is required to be of the order of lo"^cm.
The samples of 1,5 to 1,10 v;ere pressed into thin film
betv/een two smooth surface steel plates at 80°C higher
than the glass transition temperatures and 35,000 to ^5,000
PSI pressure. The thin film samples of 4-M 1,2 to 1,^, DP
series and H series v/ere all obtained by the solvent cas-
ting method directly on the salt plate surface, the samples
were dried in vacuum oven for 2^ hours. After that no re-
maining solvent could be detected in the infrared spectrum.
The film thickness can be obtained from the thickness
calibration curve of a specific absorption band which is
made from a series of different known thickness sample
films (Figure 6, 7, 8). The CHg stretching band at 2850
cm"''' was used for the H series thickness calibration and
the ^^"^^^S l^ands at 768 cm""*" and 780 cm""'" were used
for the DP and series thickness calibration respectively.
The extinction coefficient of the free NH group was
18
obtained from the dilution method using model compounds
(22), Three different model compounds were synthesized
from n-butanol and the diisocyanates of the three series.
The structures of the model compounds were as follows:
From hexmethylene diisocyanate
OH HO
CH^-(CH2)^-0-(!;-N-(CH2)^-N-C-0(CH2)^-CH^
From ^, 4-* methylene diphenyl diisocyanate
OH /-V " 0
CH^-(CH2)^-0-C-N-<^^CH2-^-N-C;-0-(CH2)^-CH^
From 4-meta methyl phenylene diisocyanate
0 H
II >
N-C-0-(CHp)^-CHo
H 6" ^ ^ ^
CHo-(CHo)^-0-C-N-^~%CH
A series of chloroform solutions of different concentra-
tions were prepared for all three model compounds. A
pair of spacer variable liquid cells were used for the
solution spectra measurements. The cell path length was
calibrated from interference patterns and is inversely
proportional to the solution concentration. The area of
the free NH group absorption band at J,kkO cm ^ is plotted
(the area calculation will be discussed later) against
solution concentration resulting in a straight line.
This is extrapolated to zero concentration to yield the
19
value of the extinction coefficient of the free NH group.
The values thus obtained are listed in Table II-5,
^8
^. Mechanical measurement
A Vibron Dynamic Viscoelastometer model DDV-II was
used to measure mechanical properties. The samples were
compression molded into films as previously described.
The film which was cut from pressed films was around 0.5
mm thick, ^ - 5 cm long, and 0.2 cm v/ide. The temperature
0
range of measurement was from -190 C (by the liquid nitro-
gen bath) to 200°C (heated by electric furnace). The tem-
perature v;as heated at a rate of 1 to 2 degree per minutes
under dry nitrogen. The frequencies v/ere 3«5> H and 110
CHAPTER III
THERMAL PROPERTIES OF POLYURETHANES
20
!• Glass transition
The Glass Transition Temperature (Tg) of all three
series measured by the DSC-IB described in the experimental
section are listed in Table III-l. The glass transition is
defined as the transition of amorphous material from the
glassy state to the liquid or rubbery state. The charac-
teristic properties of this transition are as follov;st
(1) Thermodynamic property: One of the earliest
specific heat (Cp) measurements on a glass were performed
26
at constant pressure on selenium • The result showed
that at low temperature the Cp's of crystalline and glassy
selenium are of comparable magnitude, but above a certain
temperature the glass possesses a higher value. In 1928
the increase in Cp around a transition point was also
27
found in a polymeric material; natural rubber . Subse-
quent investigations led to the conclusion that the tem-
perature at which the sudden change in Cp occurs in the
glass transition temperature. Experimentally, DSC is a
very convenient technique for heat capacity determination.
At the glass transition temperature, a sudden change in
21
specific heat occurs, corresponding to a shift in the base
line. This phenomenon has been considered as a second-
order thermodynamic transition,
(2) Volumetric properties: The specific volume of
the material is determined as a function of temperature.
The slope of such a curve is related to the thermal expan-
sion coefficient. At the glass transition temperature
there is a sudden change in this coefficient hence we
observe two approximately straight lines v/ith different
slope that intersect at a certain point. The temperature
25
at which this intersection occurs is defined as Tg . The
molecular interpretation of this is that in the glassy
state the molecules are frozen in "energy walls" and can
only undergo vibration against the local strain of the van
der Waals forces. This is much the same sort of thing
that governs the vibration of atoms or molecules in a
crystal, except a glass does not have the regular structure
of the crystal lattice. Above the transition, liquid-like
motion or Brownian motion occurs, forcing the molecules
apart. Consequently, volume increases as this motion in-
creases with temperature. Apparently the thermal expansion
coefficient of the two states are different.
22
(3) Mechanical properties t The study of viscosity-
temperature relationships is one of the oldest methods em-
ployed for determining the glass transition temperature.
Generally, viscosity increases with falling temperature.
As Tg is approached, the increase becomes steeper. As
28
early as 1929 i Parks and Gilky summerized a large amount
of viscosity-temperature data for glass forming materials
and suggested Tg to be the temperature at which the visco-
sity becomes 10 poise. In the study of the modulus as a
function of temperature for a amorphous polymer a narrow
temperature interval will be found, in which the modulus
10 2 7 2
will drop from 10 dyne/cm (glassy state) to 10 dyne/cm
(liquid state). The temperature at which the modulus be-
9 2 29
comes 10 dyne/cm has been defined as Tg.
Having described the glassy transition phenomenologi-
cally, the major theoretical approaches will now be dis-
cussed.
30
(i) The free volume theory: Fox and Flory in 1950
used the free volume concept to explain the glass transi-
tion phenomenon. They consider the glass transition to
occur v;hen the free volume reaches some constant criti-
cal value. The role of free volume in the glass transi-
tion process lies mainly in its relationship to molecular
mobility. Based on this concept and diffusion theory
Doolittle proposed an equation for the temperature
23
dependence of the viscosity-^^
.
In = In A + B V^Af
A and B are empirical constants
is the occupied volume per gram »
is the free volume per gram
The fractional free volume f is defined as VV(V + V^)
1 o I'
becomes negligibly small compared with when the tem-
perature approaches Tg, then fg =
^fAo* Choosing the glass
transition temperature as the standard temperature, the
55
shift factor arp which describes the relation of viscosity
at temperature T to a standard temperature T will be:
In arp = ln(>?^/-^^ ) = B (l/f - l/fg) (1)
Free volume above Tg can be related to the free volume at
Tgby
f = fg + Bf (T - Tg) ' (2)
is the free volume expansion coefficient. Substitude
(2) in (1) we get
^B/f (T - T )
In a™ = s , (3)
^ fg/Bf + (T - Tg)
This is identical in form to the WLF equation^^ originally
derived on purely empirical grounds.
2if
(ii) Thermodynamic theories! Many observations of
the glass transition confirmed its kinetic nature, e.g.,
Tg is dependent on heating or cooling rate in volumetric
and heat capacity measurements. However, the thermodyna-
mic theory has also been successful in explaining many
aspects of polymer glass transition temperatures. These
33include the effect of plasticizers, copolymer units
,
and intermolecular and intramolecular forces^^. Gibbs
and DiMarzio in a series of papers made a great contri-
32 33 35bution in this respect . The so called Gibbs-
DiI<larzio theory argues that even though the observed glass
transitions are kinetic phenomena, there is a true second
order thermodynamic transition underlying them. Thus for
an infinitely long experimental time the true second order
transition would be observed, and one could obtain a
glassy state whose entropy is negligibly greater than the
crystal. Gibbs and DiMarzio explain the glass transition
process to be only a consequence of the change in confor-
mational entropy with temperature. As the temperature . is
lowered, the number of states available to the material de-
creases, causing the observed kinetic sluggishness as the
transition temperature is approached. At the transition
temperature, the equilibrium conformational entropy becomes
zero.
25
The central problem of this theory is to find the
partition function from which the expression for the con-
formational entropy can be calculated. As defined the
word conformation refers to the specification of the state
32
of the "whole system" , it includes the conformation of
all polymer molecules as well as their location and
orientations in the system. The quasi-lattic model of
Meyer-Flory-Huggins^^ was used to calculate the total
number of conformations of the system. The problem is
how to place linear polymer molecules each of which
consists of X monomeric segments and holes into a quasi-
lattice. Conformations of these polymer chains are depen-
dent on the rotation around single bonds along the backbone
chains. These hindered rotations are subject to the poten-
tial energy barriers contributed from intramolecular
energy, the intermolecular energy is given by the hole
energy. The sum of these constitute the total energy of
the system. The conformational partition function should
be of the form
Q = Z WCf^N^ , f^N^ , Nq)
f .N
1 X
exp [ -E(f;L^x ^i^x ' No)At] "'(4)
Where W: The total number of ways that polymer
26
molecules can be packed into XN^ + sites on the
lattice^"^.
fiN^i The number of molecules in conformation i.
E I The total energy of the system.
With a knowledge of the partition function Q, from statis-
tical mechanics, the conformational entropy can be calculated
S = kT (8 In Q/dT)y^
^
+ k In Q (5)
According to the Gibbs-Dir/Iarzio theory, by setting the
conformational entropy to zero, the transition temperature
Tg will be expressed as a function of the intramolecular
energy, the hole energy and the degree of polymerization"^^.
The T2 here is not exactly equal to Tg, hence a direct experi
mental comparison is not possible. However, the experimen-
tal Tg and the thermodynamic T2 must be closely related,
and a functional form connecting them is assumed. This is
often approximated as a constant. Ellerstein applied a
similar equilibrium model to describe the behavior of the
glass transition region. By statistical thermodynamics,
the heat capacity can be derived form the partition func-
tion. In general, if heat capacity is plotted against tem-
perature, a maximum will be observed at around Vj^ ^
^^'^max*
According to Ellerstein where Vjj^ represents the total
intermolecular potential energy. As mentioned before, the
27
temperature at which the sudden change in heat capacity
occurs is the glass transition temperature. Thus it is
reasonable to identify Tj^^,^ with Tg. This leads to the
result that the glass transition temperature is propor-
tional to the barrier height energy corresponding to the
stiffness of the backbone chain.
From the previous discussion, we come to the con-
clusion that at the glass transition temperature sufficient
energy is required to overcome the rotational energy
barrier due to the neighboring atoms along the polymer
chain so that larger segment motions or greater conforma-
tiona;l degrees of freedom may be achieved. It is apparent
that the chain stiffness factor plays a very important
role in determing Tg. In the DP series, the samples have
two "bulky*' and "stiff" phenyl groups in every repeat unit.
As might be expected, they show the highest glass transi-
tion temperature of the three series varying from 72°C to
139°C. The H series samples have the largest fraction of
flexible methylene sequences, and they show the lowest
glass transition temperatures of the three series varying
from 6°C to ^2°C. In addition, the Tg*s of the DP and H
series decrease in a regular fashion with increasing
methylene sequence length n in the repeat unit. This
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result also corresponds with the theoretical prediction
that increasing the methylene sequence length will decrease
the chain stiffness.
Tne situation in the i{-M series is quite different.
Since the diisocyanate monomer of this series is asymme-
trical, the polymer chain grov/s from the isocyanate groups
located at the 1 and 5 positions of the 4 meta-methyl
phenylene groups. A sufficient disorder in the backbone
chain will thus be introduced into the polymer structure
to disrupt cr^ystallinity and the 4M series consists of
completely amorphous polymers. The DSC thermograms of
the series in the glass transition is also different
from the DP and H series, in addition to the baseline
shift, an apparent endo thermal peak appears in this region.
This first-order transition combined with the glass tran-
sition phenomenon has also been observed in many amorphous
polymers such as polystyrene, polyvinyl chloride and PtlT-lA.
The other common feature for this transition is that
annealing will increase the endothermal peak height.
Several explanations have been proposed to account for this
observation. One is the equilibrium theory ^. When a
amorphous polymer is subjected to a slow cooling passing
through the glass transition region, a relatively small
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number of "holes" are frozen in the glassy state. On sub-
sequent fast heating, the equilibrium number of holes at
the transition is "overshot" since there is not enough
time for equilibrium to be established and the glass re-
turns to the equilibrium via a path which appears endo-
thermic, giving rise to a maximum at the point of inflec-
tion. The other theory is the physical orientation theory
proposed by McKinney^^. He annealed polyvinyl chloride in
the follov/ing way. First the sample is heated above T to
abtain the amorphous state, then quenched to 0°C and then
brought to a specific annealing temperature below the T •
After a given length of annealing time the sample is
quenched again, presumably preserving whatever state had
been achieved. The glass transition is then measured by
DSC. McKinney found the endothermal peak height is pro-
portional to the annealing temperature and time. Therefore
he proposed that some of the chains in PVC are lined up
laterally to a quite high- degree of perfection v/hen annealed,
but the size and the area of this orientation are insuffi-
cient to yield a crystal X-ray diffraction pattern. For
this reason the term "physical orientation" is used rather
than crystallinity to describe the phenomenon.
In the regular series samples, the endothermal
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transition was not observed for the samples of 4M 1,2,
1,3, m l,k and 1,10. However, for 90^C annealed
samples, except 1,3 the endothermal peak was found in
the glass transition region of every sample. Also, the
longer the methylene sequence in the sample, the stronger
the endothermal peak (except 4M 1,10). Therefore, it seems
that the physical orientation assumption is the preferred
explanation for the 4M series behavior since the longer
the methylene sequence the easier the orientation. The
exception of 1,10 might be due to its low glass transi-
tion temperature (18°C). The storage temperature (room
temperature) is higher than its T . The starting tem-
porature of DSC running for 4M 1,10 was at O^C or lower,
therefore the 1,10 sample was subjected to quenching
treatment in every run and thus there will be no physical
orientation in the 4m 1,10 sample. In addition to this
endothermal peak, the T 's of series do not show the
same tendency as the DP and H series; decreasing Tg's
with increasing n; instead of the Tg's of the series
fluctuate randomly. The one possible explanation for
this is the effect of physical orientation. The increase
of the endothermal peak height as well as the amount of
physical orientation by annealing accompanied by the
increasing of glass transition temperature was found in
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PVC and m series samples. The physical orientation
structure, as described previously, in size and area is
not large enough to reveal some of the crystalline charac-
teristics, but its regular structure will apparently
increase the chain stability as well as in the crystalline
phase. During the glass transition, extra energy will be
required to break this 'regular orientation structure, thus
the glass transition temperature will be increased by the
increase of the amount of physical orientation. According
to the results of DP and H series, the glass transition
temperature is supposed to be decreased with increasing
methylene sequence length n, and by increasing the chain
mobility. In the series the increase of the methylene
sequence length will also increase the ease for physical
orientation. Therefore, the effect of the increase
chain mobility might be partially cancelled by the
effect of physical orientation and results in the ir-
regular glass transition temperature. The other possi-
bility for this random glass transition temperature is
the effect of water. All of the three series samples
are hydrophilic, but the effect is somev/hat more profound
in the iJ-M series due to its complete amorphous structure.
Caution was taken to exclude the water, but it is possible
that traces might remain. Water is an extremely effective
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plasticizer for nylons, so that the irregulariies in the
Tg»s observed in the km series might be due to the plas-
ticizing effect of water. Changes in the level of
hydrogen bonding are known to have an effect on the
glass transition temperature^^. The infrared study of
hydrogen bonding will be discussed in a later chapter.
In the simplest instance, the glass transition of
a copolymer should equal some type of a weighted average
of the individual glass transition of homopolymers^^'^''^.
Therefore an emperical equation was given:
A-^W^^ ( Tg-Tg-L ) +A2W2 ( Tg-Tg2 ) =0 ( 6A)
Here A^ and A2 are emperical constants, T„ is the glass
transition temperature of the copolymer, T^-j^ and T^^ ^lTB
the glass transition temperatures of homopolymers 1 and 2
and V/-|, and are the v/eight fractions of homopolymers 1
and 2 in copolymer. If Aq_ = Ag* then the equation (6a)
can be simplified:
The DP series may be regarded arbitrarily as a co-
polymer of 4,^' methylene diphenylure thane (-O-fi-N-X^^-
HO
«CH2-'^^^J^N-C"0--) and methylene -(CHg)^^-. Figure 2 is a
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plot of Tg versus weight fraction of methylene di-
phenylure thane. It can be seen that a fairly good straight
line results with an extrapolated value of T for
-(CHo")
0 g
^
of -115 C. It has been established by a number of v/orkers
,
that the Tg of polymethylene is approximately -120 C,
in excellent agreement with the extrapolated value.
3^^
2, Melting pointj
The series polymers are completely amorphous and
thus do not exhibit a DSC melting endotherm. The DP and
H series samples on the other hand, are partially crys-
talline materials, and both show a DSC melting endotherm.
The melting points of the DP and H series are collected
in Table III-2, There are scattered references to the
melting points of some of our samples in the literature
9f iO, 11,
^^yfii^QYi are generally good agreement v;ith our
results. It is seen that the DP series has higher melting
points than the H series, and that the melting points of
both series decrease gradually in a zigzag fashion with
increasing methylene sequence length (n) in the repeat
unit. The zigzag melting point phenomenon has been ob-
served in some low molecular v/eight compounds, the homo-
logous series of paraffins^^' and polyamides contain-
ing even and odd number of methylene groups in the repeat
unit.
The melting process is treated thermodynamically
as follows. The Gibbs Free Energy, G, is defined as
G «= H - TS (7)
At the melting point the free energy of the crystal and
the liquid are equal.
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Tm = ^V^S^ (8)
The melting enthalpy ^ Hjj^ and entropy A can be
obtained frora statistical thermodynamic considerations.
The melting process is taken to involve tv/o distinct
steps, (i) The conformational changes from the regular
crystalline state to the randomly coiled liquid state,
(ii) Translational change of molecules frora the res-
tricted crystal lattic to the free motion of the liquid
state.
For the conformational change we construct a ca-
nonical ensemble from N statistical segments. The
ensemble volume is V and its temperature is T. The
partition function for this ensemble is then
Q(N, V, T) = N! 7C {T^^^/n^l) (9)
i
here N is the total number of statistical segroents,
—E * /kT
is defined as C • e ^ , C is constant, is the
internal energy of the i*^ segment, n^^ is the number of
statistical segments in the i subsystem 2^ n^^ = N.
i
36
The Helmholtz free energy, A, is given by the equation,
A = -kT In Q
= -kT In n: + X (n^ In P. - In n. !)
If both n^ and N are large enough, Stirling approximation
may be applied,
A = -kT [n In N + 2;;n^ In (Pi/n^)] ......o... (10)
The entropy is given by S = -(^A/^T)j^ y
A S := k [ N In N + 2 n^ In (Pi/n^) ] + (l/T)Vnj^E^
= k N In N + ^r^i 1^
^^i/^iO + (l/T)NE (11)
In order to derive the entropy in the crystalline state,
S we formally state that all the subsystems are in
ciy
the crystalline state,
^cry = ^ [ N In N + £ n^ In {^^/n^)] + ( l/T) NE^. . . . (12)
ASjn i = SjQel^ at equilibrium - ,,,..(13)
= k [5:n. In - ^n^ In P^]
- k [^ni In n^ -^n^ In nj ( 1/T) N.<.^ 1
If Pi is normalized, = P^ N, = P^. N
A Sj,i = N k In N [l.(P^ - Pi)] + (1/T)NA^ 1 (W
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The entropy H = E + P V,
1 1 cry
2
E = kT ( a In Q/d T)
^ 1 = - Eery
In the melting transition pressure is constant, and in the
first step conformational change, v;e assume the volume does
not change, /. H^^ ^ = ^^^m 1 ^^^^
In the transitional change step, the partition func-
tion arises from the fact that each molecule can translate
as a rigid entity. A connical ensemble of N molecules
with V ensemble volume v/as constructed, and the partition
function is
.
Q^ = n [ (2TlMikT)/h^]^^/^^"Vi"i (17)
here M^: Molecular v/eight
N^i Number of molecular with molecular weight =
V^i Occupied volume of molecule or free volume
of subsystem.
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The entropy = ( d kT In Q^)/aT
„ melting state cry. state
2 ^t -
= k Z n. In (KiVi"""^) (18)
V^t Subsystem volume in melting state
cry
1 Subsystem volume in crystal state
^«m 2 = 2 + ^^^m 2 (19)
m crv 2
^\2 = ^t - ^t , = k T ( 91n Q)/aT
at equilibrium temperature, E^"^ = E^^^ , A ^ 2 = ^
2 " 2 ••••• (20)
Because T =Z!^Hp^/AS
AH^j = AH^j + AHj^ 2 = + (21)
AS=:AS^T+AS^«
m ml la c.
(N-AE + NP^V)
~ \t,. .T r^/T. TTi . /.T/mN ^ . rrTTrm cryNk In N [XCP^-Pi)] + (N/T)AE + kZn^ In {V^ /V^ )
(22)
The structure of the DP series is
0 H ^ ^ H 0
-C-N-Q^-CH2-Q)-N-C-0-(CH2)n-0- n = 2 - 10
OH HO
H series is -C-N-(CH2)5-N-C~0-(CH2)j^-0- n = 2 - 10
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It is reasonable to consider that the number of possible
conformational states will increase with increasing me-
thylene sequence length n, in other words, the value of
2 ~ ^1^ increase with increasing n. This means
that will decrease with increasing n. This tendency
is shown in both series in Table III-2.
In the crystalline phase, the polyurethane backbone
chain is proposed to exist up in the plannar zigzag con-
formation in which it will have the lowest conformational
2
energy • However, this is only true for even number (n)
methylene sequence samples. For the odd number (n) sam-
ples a slight distortion of the backbone chain from its
plannar zigzag structure was discovered by X-ray di-
ffraction^^. Apparently, this distorted structure will
increase the conformational energy in the crystalline
phase, and decrease the energy difference ( ^E^^) be-
tween the molten state and the crystalline state. In
addition to the conformational energy in the crystalline
phase the polar groups are located alternately on the
opposite sides of even n backbone chains, and on the
same side of odd n backbone chains. The polarities of
the chain with even n cancel with each other, but with
odd n the chain polarities are additive. These additive
polarities also will increase the internal energy of the
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crystalline state, and decrease the value of • There-
in
fore, we come to the conclusion that even n samples have
larger internal energy differences ( AE^) between the
molten and crystalline states than odd n samples.
Although the terms of energy difference AE exists in
numerator and denominator, their effect on the value of
the numerator is much more significant than the value of
denominator. The zigzag behavior of the melting point may
thus be considered as the result of our discussion. The
hydrogen bonding formation may also effect the melting
point. The study of hydrogen bonding structure by infrared
will be discussed in next chapter.
The backbone structure of DP series has two bulky and
stiff phenyl groups in every repeat unit. In the H series,
except for the urethane linkages, the repeat units are me-
thylene group. A reason for higher melting temperature of
DP series may lie in these structure difference. Because
in the molten state the phenyl groups of the DP series will
cause a decrease of the possible state of chain conforma-
tion and an increase of the internal energy.
3- Heat of fusiont
Heats of fusions per gram of sample for the DP and H
series arc listed in Table III-3, These data were calcu-
lated directly from the area under the melting transition
curves. The conversion factor for converting the area to
calories was obtained from the melting transition curve
of a standard Indium sample. Figure 3 shows a DSC thermo-
gram for H 1,2 subjected to three different thermal treat-
ments. The quenched sample exhibits a sharp, large exo-
thermic peak above T , and it v/as found in every quenched
H series sample. The peak temperatures are listed in
Table III-'l. Such behavior is common to many polymers
which have been quenched from the melt to belov: T . This
g
exothermic peak is considered to be the recrystallization
of amorphous material v/hen the molecular motion is allowed
above T . The heat of recrystallization and melting of
quenched H series sam.ples are also listed in Table
If we examine the results in Table III-^ we see that
except for H 1,2 which has extremely short methylene se-
quence between the ure thane groups, every odd n samples
have higher recrystallization temperatures and larger
heats of recrystallization than the next even n samples.
In order to make further studies, in Table III-5 we list
the tem.perature difference between the recrystallization
and glass transition (AT), also the enthalpy difference
( ^H) between the heat of fusion and heat of recrystalli-
zation for quenched H series samples. The results in
Table III-5 show that except for H 1,2, every odd n sample
has a larger -at ajid lower than the next even n sample
and both show the zigzag tendency. As we mentioned, the
crystallization occurs in the quenched amorphous material
when the molecular motion is allowed at temperature above
Tg. Thus the higher the recrystallization temperature
above T^, or the larger the ^T, the more difficult is it
for crystallization to occur.
The quenching processes was the same for every sample.
Approximately 10 mg samples were melted in the DSC sample
containers and then plunged into liquid nitrogen as quickly
as possible. Since the H series samples contain a large
fraction of methylene sequences, it was very hard to quench
them to the completely amorphous state. Some crystalliza-
tion occurs during the quenching process. Thus the heat
of fusion is alv/ays larger than the heat of recrystalliza-
tion in the quenched H series samples. From this phenomenon
it can be deduced that the larger the enthalpy difference
( -AH) between the heat of fusion and recrystallization,
the more crystallization occured during the quenching pro-
cess. Conversely, the smaller the >dkH the less crystalli-
zation occured during the quenching process. From the
^3
studies of the recrystallization temperature and heat of
recrystallization (Table III-^) we have more evidence to
support the idea that even n samples have a more regular
crystalline structure than odd n samples.
The heat of fusion listed in Table III-3 is based on
per gram of sample. If we want to know the heat of fusion
per gram of crystal, the degree of crystallinity has to be
measured first» The X-ray scattering method was used for
this purpose , The weight (M) of the amorphous and crys-
talline region in X-ray scattering are given by the follow-
ing equations*
The subscripts a and c indicate the amorphous and crystal-
line phase.
Ki Temperature factor
1(0 )j X-ray scattering intensity at Bragg angle {0)
If K = K^, the degree of crystallinity is given by;
SI c
7^= M/(Ma+ Mc) =/l(Pg)d6)/ [/l(e^)d© +/l(0Jde]
Therefore A H„ per gram of crystal can be calculated using
both from X-ray scattering and A H from DSC measure-
.ment.
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A = A H/^
In order to varify the reliability of AH^ value, the di-
48luent method was used • The H values per gram of
crystal for the H and DP series which were obtained from
the X-ray and diluent method are listed in Table III-6.
They are in good agreement. The heat of fusion based on
per mole of repeat units are also listed in Table III-6.
The values collected in Table III-6 indicate that in both
H and DP series even n samples generally possess the larger
A (either cal/grara cry. or Kcal/mole of repeated unit)
than the next odd n samples. This result agrees v/ith the
explanation of the zigzag behavior of the melting points
in both series t This explanation v/as based on even n
samples having a more regular crystalline structure and
larger A H^^ than the odd n samples. In addition, by com-
paring the A H_ per mole between the DP and H series having
the same n methylene sequence, we find that the DP series
samples have larger per mole than H series. A possi-
ble qualitative argument to account for this difference
may be made as follows.
By definition ^ Hc= " ^cry
In order to calculate H^^, it would be necessary to know
the crystal structure of all the H and DP series and no
^5
complete structure analysis is available. However, we
know that the polymer chains in the crystalline state are
frozen in the regular crystal lattic, and after they melt
into liquid molecular translation and rotation v/ill occur.
The DP series samples have two bulky and rigid phenyl
groups in every repeat unit. The energy required to agi-
tate these two groups in the melting state is larger than
for the methylene groups in the H series. Therefore the
H T . of the DP series is higher than the H series, inmelt
spite of the entropy effect. This might be another expla-
nation of DP series having higher melting point than H
series.
4. Phase-phase transitioni
As shown in Figure 3» a small endothermic peak appears
above T for the 2 run. This small endothermic peak has
also been found in every H series sample. The tempera-
tures of those peaks are collected in Table III-7. These
values in contrast to the Tg*s and Tj^'s are insensitive to
0
the methylene sequence length and all occur between 55 C -
59°C. It thus appears that the chain stiffness is un-
important in the mechanism of these transition, and it is
reasonable to relate this to a transition in the crystal-
line phase. According to the dynamic mechanical measure-
ment^^ and infrared study (they will be discussed in later
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chapters) this transition is similar to the change of c<
crystalline form to Y crystalline form in nylon 66 in order
to form the perfect hydrogen bonding in the crystalline
structure.
^7
CHAPTER IV
INFRARED ANALYSIS
A typical infrared spectrum for a member of every
series, namely 4M 1, 10, DP 1, 10 and H 1, 10 at selected
temperatures are collected in Figures 9, 10 and 11. The
'
characteristic band analysis of the spectra are listed in
Table IV-1, 2, and 3 respectively.
Hydrogen bonding in the hard polyurethanes occurs
between the proton donor, NH group, and proton acceptor,
carbonyl group, and mainly has been found to be inter-
molecular in nature ^* ' . Pimental and McClellan
postulated that "hydrogen bonding exists when a hydrogen
atom is bonded to two or more atoms^'''". According to the
electron pair theory of chemical bonding, a hydrogen atom
is capable of forming only one band. Thus, this defini-
tion of hydrogen bonding suggests that the electron
density and bond energy in the original groups will be
decreased by hydrogen bonding formation. Therefore in
the view of normal mode vibration, the force constant
between the N and H as well as C and 0 in urethane groups
will decrease in the hydrogen bonded structure. Conse-
quently, both NH and C=0 groups stretching absorption
bands will shift to lower frequency positions at
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3300 cm"'^' and I69O cm""^ rather than 3430 cm""^ and I730
-1
cm •
Although infrared spectra yield the information
concerning hydrogen bonding formation, further treatment
of these spectra is necessary if we want to know the
hydrogen bonding effect on the physical properties of
po3.yurethanes« Since the free and bonded carbonyl
stretching bands only shov/ 30 - 40 cm"^ difference in
position, large overlapping of these two strong bands can
be expected. Therefore it will bo difficult to quantita-
tively determine hydrogen bonding change as a function
with other factors from the change of the position of the
carbonyl stretching band.
The absorption positions of the free and bonded NH
stretching bands are at 3^30 cm"-*" and 3300 cm"^ having
approximately I30 cm"^ interval between them. Except for
the -CH2- stretching band at 2920 cm'^ there is no other
strong band interference with the NH stretching band.
Therefore, the free and bonded NH stretching band has
been adopted by most workers to study the hydrogen bonding
structures in polyamides, polyurethanes , polyuroas, and
.
_ 16,17,22,56,57polypeptides •
Quantitative study of the infrared spectrum is based
on the Beer-Lambert Law: A = abc. Where,
Aj Absorbance or optical density is defined as
A ~ log (Iq/I). is incident beam intensity. I
is the transmittance beam intensity after passing
through the sample,
a: Proportionality factor. In general it is known as
the extinction coefficient.
ht Sample thickness, or light path length in the sample,
ct Concentration of functional groups absorbing.
In general, in the literature the peak heights or ab-
sorption band maxima were used in quantitative analysis
because of the great convenience with which they are
measured. Hov/ever, there are some limitations. First,
the peak height is very sensitive to the spectral slit
width • As a result, deviations from Beer's law are
common. Second, the extinction coefficient "a" has little
theoretical significance when the inherent absorption
strength of a particular vibration is considered. It does
not differentiate between a narrow and a broad absorption
band. Obviously a broad band results from greater absorp-
tion of infrared energy than a narrow band of equal peak
height. For these reasons, the "integrated intensity"
method was used for the quantitative analysis in this study.
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By means of Wilson-Wells method^^,
S = / Ad;/= / ln(T /l)d;/= a'bc
band band
S: Area of absorption band in cm""'',
a* I Apparent integrated molar extinction. coefficient in
-1 -2
liter mole cm •
b: Sample thickness in cm,
c: Concentration of functional group in mole liter""^.
As previously described, in spite of the I30 cm"^
interval between the free and bonded NH stretching bands,
overlapping of these tv/o bands still occurs, and it is
especially emphasized in the solid state hydrogen bonding
band due to the broadness of the absorption band • Re-
liable calculation of individual band areas of the free
and bonded NH groups is almost impossible by the planime-
ter or tracing paper weight method* A computer program
based on least squares procedures-"^ was written to resolve
the overlapping bands. The mathematical approach, the
computer flow-chart, the complete program and the out-put
are all collected in Appendix I; The integrated molar
extinction coefficient a* of NH group in the three series,
either in the free or in the bonded form can not be ob-
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tained from literature. Extropolation from dilute solu-
tion results is also impractical for these samples since
no suitable solvent exists. Reviewing the solubility of
the samples in the three series which is tabulated in Table
IV-^, it was found that: series sample can be dissolved
in a few nonpolar solvents which have no proton acceptors
or NH groups. However, no proper solvent has been found
for DP and H series samples. If the extinction coefficient
of the NH group in identical lov/ molecular weight model
compound can be obtained, this approximate value of a* can
be used in the high polymer case. This model compound
method has been generally adopted by previous authors in
17 18 22
infrared studies ' ' • The preparation of model com-
pounds and the values of the integrated molar extinction
coefficient of the free NH group were already described
in chapter II.
The total concentration of NH groups in the solid
film was estimated by density measurements carried out.
by the displacement method in 100?^ ethyl alcohol at 20°C.
The density D (g/ml) of the samples in the three series
are listed in Table IV-5. In all of the three series
there are two NH groups in every repeat unit, if we neglect
the end group and branching effect. The total concentratio
of NH groups in the solid state can be calculated from
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the deriGity as follov/s,
Cj^j^ = D X 1000 X 2/Repeat Unit Mol, Wt. (in mole/liter)
and the C^^^ of the samples of the three series are listed in
Table IV-6,
Series ;
In Figure 9» the 1, 10 lov; temperature spectrum
shows an apparent shoulder on the left side of the strong
3300 cm""^ band and the inflection point of the shoulder is
at 3^30 cm""''. Spectral evidence indicates that a large
portion of the Nil groups are hydrogen bonded in the glassy
state but that a significant portion also exist in the
free state. This is a common feature among the series
spectra* Follov/ing the spectra with increasing tempera-
ture, the shape of the Nil stretching band and the absor-
bances at 3^30 cm~^ and 3300 cm""'' can not be found to
change with temperature below a certain point. But after
this temperature is reached, the absorbance of the free NH
shoulder starts to increase with temperature accompanied
by a decrease in the absorbance of the bonded NH band at
3300 cm"'''. The carbonyl stretching band also shows a
similar change with temperature, except that the free and
bonded seperation is not as distinct as the case of the NH
groups. Therefore, the change is not as obvious.
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The area of free and bonded NH bands in ever^y' spectrum
was resolved by a "least squares procedure". By knowing
Then the total NH group concentration substracted from the
free NH group concentration will be equal to the bonded NH
group concentration. Therefore, the integrated molar ex-
tinction coefficient of the bonded NH group can also be
calculated by knov/ing area "S", thickness "b" and concen-
tration "c"« The percentage of free and bonded NH groups
for the series in the glassy state and their integrated
molar extinction coefficients are collected in Table IV-y.
The results show around Z% of NH groups existing free in
the glassy state. This value is much higher than Trifan
and Terenzi*s'^'^ results that estimated less than V/o free
NH groups existing in the glassy state of hard polyure-
thanese The integrated molar extinction coefficient, "a",
for the bonded NH in all 4M series samples are consistent
with each other at a value around three times larger than
the free NH group. Such larger values for the extinction
coefficients of hydrogen bonded groups compared to free
groups are generally found in most intermolecular hydrogen
the individual area, the concentration of free NH groups
in the glassy state can be calculated from
band
5^
bonding materials
. Because of this the bonded Nil band
is much more sensitive to changes in hydrogen bonding
than is the free NH band. It is well known that hydrogen
bonding dissociation is a function of temperature. The
total area of the NH band will, therefore, decrease with
increasing temperature. Figures 12-15 show the normalized
total area of the NH stretching band vs, temperature for
4M series samples, CH2 stretching band was used as an
internal standard. Below a certain temperature, the total
area of the NH band is constant and does not change with
temperature. After this temperature, the area starts to
decrease with temperature in a linear fashion. The tran-
sition temperatures (T-^) obtained by extrapolation of tv;o
straight lines are collected in Table IV-8, They are in
good agreement with the Tg's measured by DSC, Therefore,
it is reasonable to connect with the glass transition.
Below the glass transition temperature the polymer mole-
cules are frozen in the glassy state, the macrobrownian
motion of molecular segments does not occur and, thus, .
hydrogen bonding dissociation v/ill not occur. Hence,
there will be no area change in the NH bando V/hen the
temperature reaches the glass transition, macrobrownian
segmental motion and rotation will occur. Hydrogen
bonding dissociation will then follow the rule of chemical
equilibrium and be a function of temperature.
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NH....O=:C^ -v '^NH + ^^0=0
The hydrogen bonding dissociation energy "aH" can be
calculated from Gibbs Helmholtz equation.
d In K
• = - A H/r
d 1/T
K is equilibrium constant, equal to
"NH..,.0=crJ
The concentration of bonded and free NH group at higher
temperature is calculated from the normalized total NH
stretching band area by integrated method, a* is assumed
to be constant for this temperature range*
^total area " ^'bonded * ^bonded
+ ^'free * ^ ^ ^total " ^bonded )
The uncertainty of total area from "output" is ± 1.0 -
1,5^, This calculation will be used for all three series.
The calculated value of z> H for the 4M series
according to the bonded and free NH group concentration
after "Ti" are all listed in Table IV-8. They are in a
reasonable range of 5 Kcal/mole for the hydrogen bondingo
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DP series :
The DP series polymers are partially crystalline.
Their NH and carbonyl stretching absorption bands show
little difference from the series. Figure 10 shows
that the bonded NH stretching band located at 3300 cm"'''
has a narrower peak than 4m series. Although, the free
NH shoulder v/as found at the left side of bonded NH
stretching band, it has no inflection point at 3^130 cm""'',
showing instead a smooth shoulder from 3390 cm"''' to 3^30
cm Following the spectrum v/ith increasing temperature,
as with the series, no perceptible change in either
shape or absorbance can be seen belov/ a certain tempera-
ture. After this temperature has been reached the absor-
bance of the bonded NH stretching band starts to decrease
accompanied by the increase of the free NH shoulder.
When the temperature reaches the melting point range,
another distinct change of the NH stretching band is found
in a short temperature interval. The bonded NH stretching
band suddenly decreases, changing its shape from a sharp
and narrow band to a broad and wide band, and shifting its
peak position to around 3330 cm""'". In contrast with the
bonded NH, the free NH shoulder shows an apparent increase
with the development of an inflection point at ^3395 cm .
The carbonyl stretching band also shows a similar change
in this temperature range. As shown in Figure 10, after
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the melting temperature range transition the free carbonyl
shoulder at 1730 cm""^ and the bonded carbonyl stretching
band at I7OO cm""^ suddenly merge into one broad band at
^1720 cm"-'-.
The integrated molar extinction coefficient "a*" and
percentage of NH groups in the free and bonded states for
the DP series are listed in Table IV-9. The DP series
polymers are about 30^ crystalline as determined by the
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X-ray scattering method • Bayer considered the hydrogen
bonding structure of hard polyurethane with the backbone
in the planar zigzag conformation. On this basis he
suggested that in the crystalline phase even number me-
thylene sequence samples v/ill have complete hydrogen
bonding, but the odd number samples will only have one
half of the NH grouDS hydrogen bonded. If this is true,
around 15% fev/er of the NH groups should be hydrogen
bonded in odd n samples compared to the even n samples. In
Table IV-9 around 71 - 7^/^ hydrogen bonded NH groups were
found in both even and odd number methylene sequence poly-
mers below the glass transition temperature. Therefore
the assumption of a planar zigzag conformation for the
backbone chain in the crystalline phase has to be re-
evaluated. The integrated molar extinction coefficient
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of the bonded NH group in the DP series has a value between
1.^1- X 10 and 1.? x 10 liter/mole cm
, approximately three
times greater than the free NH group. Therefore, we may
use the same plot as the ^IM series of total NH band area
vs. temperature to detect the concentration change of hy-
drogen bonding group in DP series. These are shown in
Figure 15 - 18. In the first section below a characteristic
temperature, the total area is constant with temperature.
This means the hydrogen bonding concentration does not
change. Above this temperature, "T-j^", the total area starts
to decrease indicating a decrease in hydrogen bonding. The
T-j_*s listed in Table IV-10 possess the same tendency as the
T 's in DSC measurement; decreasing temperature with in-
0
creasing n, but in general they are around 20 C lov/er than
the DSC T 's. In addition to the Tn*s another transition
at higher temperature is found in every sample, it is named
Tg* The common feature of this transition is the steep
slope change in the band area vs. temperature plot in a na-
rrov/ temperature range, and its temperature coincides with
the shape change of the NH stretching band in the spectrum
as described before. These phenomena clearly indicate that
a large amount of bonded NH groups dissociate in this tem-
perature range. It is well knov/n that the regular structure
of the backbone chain in the crystalline phase will provide
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a better arrangement for hydrogen bonding formation than
the random amorphous phase. Therefore the crystalline
phase will have a higher hydrogen bonding concentration.
Before the melting point the hydrogen bond is locked in
the crystal lattice and does not have enough energy to
break the crystal lattice as well as the hydrogen bonding.
When the melting point is reached, the thermal agitation
will cause the crystal lattice to collapse. Therefore, a
large amount of hydrogen bonding in the crystalline state
will dissociate to non-bonding in the amorphous state.
Thus it is clear that the T2 transition corresponds to
the melting transition. The T2's of the DP series are
collected in Table IV-10 showing a similar tendency to
the Tj^'s of the DSC measurement. The temperature de-
creases in zigzag fashion with increasing methylene se-
quence length n in the repeat unit. In general the T2*s
are around 30 - ^0*^C lov/er than the T^^'s.
H Series ;
The H series as well as the DP series are partially
crystalline polymers. However, the H series NH and car-
bonyl stretching absorption bands are different from
those of the DP series. As shown in Figure 11, none of
the free NH shoulder can be found at the left side of the
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NH stretching band in the low temperature spectrum, and
the bonded NH stretching band located at 33IO cm""^ is a
very narrow and symmetrical band. The carbonyl stretching
band behaves in the same manner, appearing as a narrow
band at I685 cm""^ without any apparent shoulder at I730 •
-1
cm • These same kind of absorption bands occur in all
the H series polymers regardless of the length of the
methylene sequences. Therefore, it may be concluded that
in the low temperature range the NH groups in H series are
alm.ost completely hydrogen bonded v;ith the carbonyl groups
either in the crystalline phase or in the amorphous phase,
and no obvious structural difference exists betv;een even
and odd number methylene sequence length samples. The
integrated molar extinction coefficient of the bonded NH
group can easily be calculated directly from the total NH
band area, the sample thickness and NH concentration.
These values are collected in Table lV-6 and IV-11. The
extinction coefficient, a*, for the bonded NH group in the
H series are consistent with the other two series in the
^ 2
values between 1.2 - 1.^ x 10 liter/mole-cm , around three
times larger than those of the free NH groups.
When following the change in the spectrum with in-
creasing temperature, the absorbance of the bonded NH
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stretching band starts to decrease and shift to higher wave
numbers before the apparent free NH shoulder appears. This
suggests hydrogen bonding dissociation to some extent. At
higher temperatures, as expected, the distinct free NH and
carbonyl shoulders appear at 34^0 cm"^ and I7IO cm"^ res-
pectively, and the absorbance of the shoulder continuously
increase with temperature. Although the bonded band absor-
bance decreases with increasing temperature, it remains in
its sharp and narrow shape at even higher temperatures.
After another transition the shoulder suddenly increases
and merges with the narrow band to become a broad band (re-
fer to Figure 11) • '
The plots of the total NH stretching band area vs.
temperature for the H series are shovm in Figure 19-22. In
the lower temperature range, the total area is constant
until the temperature T-j^ is reached. In a typical curve,
Figure 19, there are three transitions labelled T-|_, T^ and
Tg. Betv/een T^^ and T^, and T^ and T^, the negative slope
of the curve indicates the area under the infrared band
decrease. At T2 a marked decrease in the curve occurs
followed by another straight line of constant slope. The
T3_, T^ and T^ are all listed in Table IV-12. T3_'s have a
tendency to decrease in temperature with increasing methy-
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lene sequence length, n, and agree pretty well with the
Tg's of the DSC measurement. Thus T-^ is apparently re-
lated to the glass transition. which corresponds to a
large decrease of hydrogen bonding concentration will be
considered the same transition found in the DP series due
to collapse of crystalline structure in the melting tran-
sition, T2 also possesses the same zigzag fashion with
even and odd n as the T^*s of DSC measurement. T^, which
is related to the phase transition, will be discussed in
chapter V, page 77.
The complete hydrogen bonding structure in the linear
aliphatic polyurethane crystalline phase has been discussed
17 11by Trifan and Lyman and is also manifested by the pre-
sent infrared spectra. The percentage of hydrogen bonded
NH groups before and after T2 are listed in Table IV-I3.
Assuming the concentration difference of hydrogen bonding
here is due to the transition of the perfect hydrogen bon-
ding structure in the crystalline phase to the non-perfect
hydrogen bonding structure in the amorphous phase, then the
percentage crystallinity v/511 be given by
(Bonded NH ^ difference before and after Tg) / (100!^ -
Bonded NH % in amorphous phase at T2)»
These calculated values of crystallinity are collected in
Table IV-I3, and agree very well with the X-ray measure-
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ment m the range of 35 - ^5%» The hydrogen bonding dis-
sociation energy AH for the H series can be calculated
from the data of hydrogen bonding concentration change with
temperature in molten state. The AH values calculated by
this method are listed in Table IV-I3 which are consisten.
with the value of mos t ^ MH, . . . . .0=0 :^ hydrogen bonding^"^,
17
and the value given by Trifan for the similar polyure-
thane, 8.4 + 1.6 Kcal/mole.
Discussion ;
in the infrared analysis of all three series of poly-
ure thanes no distinguishable differences of hydrogen bon-
ding concentration were found between the even and odd
number methylene sequence samples in the individual series.
In the amorphous phase, the polymer chains are entangled
with each others in random coiled shape, it is reasonable
to reject the idea of the even-odd effect on the hydrogen
bonding formation. In the crystalline phase the regular
alignment of backbone chains in the fully extended con-
formation will show a deficient hydrogen bonding struc-
ture in odd n samples (as shown in Figure 23). The lack
of hydrogen bonding concentration differences between even
and odd n samples in the partially crystalline material
(DP and H series) leads to a reconsideration of their cry-
stalline structure. Yukio Kinoshita^^'^^ studied the
crystalline structure of aliphatic polyamides by infrared
and X-ray analysis and suggested the "r" form for the odd
n polyamides in which the amide plane is tilted approxi-
mately 30 degree with respect to the fiber axis, so as to
form a complete hydrogen bonding structure. Lyman-^-*
measured the repeating distance in the crystalline phase
of hard polyurethanes by X-ray diffraction, and also found
a disagreement v/ith the theoretical value for odd number
methylene sequence samples. The twisting single bond con-
formation was proposed for their crystalline structure.
The correct crystalline structure of ]{ and DP series
samples is still an unsolved question. But at least it
can be predicted that the backbone chain of odd n samples
must exhibit a departure from the ful3.y extended confor-
mation in order to form a more complete hydrogen bonded
structure. The value of 8 - 10 Kcal/mole hydrogen bond
energy found in H series is a strong evidence for a com-
pletely bonded structure. This energy will increase the
crystalline stability.
As has been stated, the H and DP series are partially
crystalline and the '^M series is completely amorphous. At
temperature below T-^ (glassy state) around 20 - 30^ of
free NH groups exist in both the DP and km series and none
exist in the H series. In addition to this the shape of
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the NH stretching band of the 4M and DP series are similar
to each other having a broad absorption band at 3300 cm'"^
with a shoulder on the higher wave number side. The H
series is completely different. Here the NH stretching
is narrow and sharp at 3310 cm""'" without any sign of a
shoulder. Thus, this information may lead to the consi-
deration of the inherent structural differences between
the H and the other two series, and the common features
of the DP and series. In the H series except for the
ure thane linkage, all the groups are methylene sequences.
The NH group is attached directly to a methylene group.
Thus, hydrogen bond' formation is essentially unrestricted
by steric factors due to the ease of backbone conforma-
tional rearrangements. In the DP and series which
were made from aromatic diisocyanates the NH group is
adjacent to a bulky aromatic group. According to the
resonance theory, the unpaired electron of the NH group
and the K -bond electron of the carbonyl group will
allow for resonance with the TC -bond electrons in the
aromatic group. It will not only give rise to a partial
double bond character between the urethane and aromatic
group, but will also keep the NH and carbonyl groups
in the same plane as the aromatic group:
66
Therefore, the resonance effect will restrict the
hydrogen bonding formation to the plane of the aromatic
group. The NH bending bond { S m) at around I520 cm~^
reveals the effect of the aromatic group. As shown in
the spectra (Figure 9-11), the S NH band in the H series
shifts around 30 - 40 cm'"'' and changes its shape after
the hydrogen bonding concentration largely decreases in
the melting transition. In the DP and 4M series the
5nH band does not show much change betv/een the lov; and
high temperature spectra, even after the melting transi-
tion of the DP series sample. This indicates that NH
bending in the H series occur more easily in the
non-hydrogen bonded form. In the DP and series, on
the other hand, the resonance effect restricts the NH
bending vibration to a certain range whether or not the
NH group is hydrogen bonded or non-bonded. The average
hydrogen bonding length between ^NH»»»*0=C^ is
066, 67
approximate 2.8A .If the NH and carbonyl groups
are much further apart than this, hydrogen bonds will
not be formed. The calculated size of the aromatic
group is not large enough to keep the NH and carbonyl
groups farther apart than the required distance of hy-
drogen bonding formation, but the steric hindrance
effect^^* will block the approach of NH and carbonyl
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group to form the hydrogen bonding structure. Therefore
the hydrogen bonding structure in the DP and 4M series
will certainly show a difference from the H series samples.
,
16,22,23
, „ 51Tanaka and Cooper studied the hydrogen
bonding structure in elastomer polyure thanes and found
that NH groups in the urethane linkage will hydrogen bond
with either the carbonyl group in the urethane linkage or
the ester and ether groups in the soft segments. The hard
urethane segments they studied v/ere
and they are completely comparable to the and DP series
samples. Cooper and Tanaka found around 15% of the NH
is less than the 20 - 30% free NH groups that we found in
the DP and series. This difference may arise from the
difference in the availability of proton acceptors in the
soft segments. The steric hindrance of the aromatic group
manifest its effects in the hydrogen bonding structure of
the elastomers as well as the "hard" polyurethanes . The
large difference of hydrogen bond energy between the H
series, 8-10 Kcal/mole, and 4M series, ^5 Kcal/mole,
and
group exists in the free state at room temperature. This
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also indicates the aromatic effect on the hydrogen bonding
structure.
The result of having no free NH group existing at low
temperatures in the H series samples agrees with Trifan's"^"^
work, he stated that the NH group is almost completely hy-
drogen bonded in hard polyure thanes . However it is clear
that this is limited to linear aliphatic polyurethanes only.
The T-j^'s and T^'s of all three series samples are
consistent v/ith the T 's and Tj«*s of the DSC m.easurements
•
This result indicates clearly that hydrogen bonding in the
glassy state is "frozen in" and no dissociation occurs
until sufficient segmental mobility becomes available at
or above the glass transition temperature. In the same
way hydrogen bonding dissociation does not occur in the
crystal until melting takes place. The lower temperatures
of TjL and T2 compared to the DSC, Tg and might be due
to the different experimental methods. The DSC is measu-
0 /
ring the continuous thermogram at a heating rate of 10 C/
minute while the infrared spectrum was an equilibrium
measurement taken at every 10 - 30°C intervals. Therefore,
a rate different inherently exists. In addition, the Tg
and T^ were taken as at the end point of the transition in
the DSC, and the T-, and T2 were taken at the temperature of
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which the transition occured. That may be the reason for
the especially large difference betv/een the To and T (due
^ m
to the large temperature range for polymer melting)
. The
irregular changes of the T-j_*s in the series has been
found in infrared analysisas well as T 's in DSC measure-
o
ment. The free NH group concentration change is somewhat
consistent v;ith T-,. For example, the T-, and T for 1,6
are relatively low at around 30 C v/hile it shows the highest
percentage of free NH, 1,5 and 1,^ have higher T^'s
corresponding with a lower percentage of free NH. From
these fev/ data, it is not possible to conclude that the
hydrogen bonding concentration is the most important factor
producing the irregular glass transition temperature beha-
vior in the ^M series samples, but at least hydrogen bonding
structure may be counted as one of the reasons.
A general survey of the results of H 1,^ sample leads
to some interesting findings. Firstly, H 1,^ sample shows
the highest Tg and crystallinity and lowest percentage of
free NH. From the DSC results, this sample also shows the
highest T and the smallest AT between T^ and T (Table
III-2 and III-5) • These results apparently give some hints
on the unique crystalline and hydrogen bonding structure of
H 1,^ sample. When fully extended the H 1,^ backbone chain
is in the trans conformation. In this case we will find
that the distance between every carbonyl group and its
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neighboring NH group, as well as every NH group and its
neighboring carbonyl group are almost the same equal dis-
tance. Therefore it is capable of. forming complete hy-
drogen bonding either in (1) or in (2) structures as
shown in Figure 2^, The identical length between the
every hydrogen bonding "node" and the unique regularity
structure of backbone chain will apparently form more
perfect crystalline structure than other samples. These
might be the reasons of why H 1,^ has the highest To, T •
" ^ m
and crystallinity
.
The frequency shift of bonded NH stretching band
with changing temperature was observed by several au-
thors • As described previously, this temperature
effect v/as also found in our case for all the samples in
these three series. Figure 25 shows the peak frequency
shift of bonded NH stretching band vs. temperature for
1,10, DP 1,10 and H 1,10 samples. In the lov; temperature
region all the three samples show a straight line in fre-
quency shift vs. temperature. At the glass transition
temperature, there is a shift of frequency followed by
another straight line with larger slope, with the slopes
in the order of 4M>DP>H. In the partial crystalline
samples (DP 1,10 and H 1,10) there is a large increase in
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the frequency shift in the melting temperature region
followed by another straight line (refer to Figure 25),
The frequency shift of hydrogen bonded band can be accounted
for in many ways
,
but the most possible one here is due
to the increase of hydrogen bond distance and the decrease
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of hydrogen bond energy' • The free volume increase at the
glass transition is a v/ell knov/n fact. There should also
be an increase in volume v/ith the increase of hydrogen bond
distance as well as the shift of bonded band frequency.
Therefore, the first transition of frequency shift is
apparently due to the glass transition. The excellent
agreement of this transition temperature with T-j^'s gives
one more evidence to identify the T-|_ to the Tg. The
difference in slope before and after this transition can
be easily explained by the difference of the thermal
expansion coefficient; j between the glassy state and
amorphous state. In general the c< in the amorphous state
is larger than the glassy state. After the glass transi-
tion the thermal expansion coefficient increases, conse-
quently the slope of frequency shift will also increase.
The 1,10 sample is a completely amorphous material while
DP 1,10 and H 1,10 samples are partial crystalline ma-
terials. The thermal expansion coefficient difference
between the glassy state and amorphous state will have a
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more pronounced effect in im 1,10 than the other partially
crystalline samples. That is why the 1,10 chows the
largest slope after the glass transition. In the crystal-
line phase, the polymer molecules are packed in a regular
lattice, the intcrmolecular distance is shorter than inter-
molecular distance in the amorphous phase, the same is. true
for the hydrogen bond distance. After the melting transi-
tion the crystalline structure collapses, and a part of the
"crystalline-phase-hydrogen-bonding" will translate to the
"amorphous-phase-hydrogen-bonding" and the remaining part
will dissociate to non-bonding. Therefore, the bonded NH
stretching band will have a very large frequency shift at
the melting temperature region. As mentioned before this
kind of shift was found in DP 1,10 and H 1,10 samples and
the shift temperature agrees very v/ell with Tg's as well
as Tj^'s of DSC measurement.' It is seen that this kind of
frequency shift in H 1,10 is much larger than DP 1,10.
This indicates that there is a larger hydrogen bonding
structure difference between the crystalline state and
molten state in H 1,10 than DP 1,10. In the H series
samples which is a linear aliphatic polyurethane, there is
an absence of large group to block the close packing in
the crystalline structure. The DP series has two large
aromatic groups adjacent to the NH groups in every repeating.
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unit, and the steric hindrance effect of aromatic group
v;ill hinder the close packing structure to a certain
extent in the crystalline phase • Therefore, the crys—
talline- phase-hydrogen-bonding in DP series may not bond
as close as in H series samples. In the plot of frequency
shift vs. temperature for the DP 1,10 sample a frequency
decrease trough of around 130^0 occurs before the melting
transition. This transition is also observed in DP 1,8
sample. From the plot of NH stretching band area vs« tem-
perature for DP 1,10 and 1,8 (Figure 15) a peak occurs in
the curve before the melting transition was found. Accor-
ding to the previous descriptions, both of these phenomena
(trough in frequency shift vs. temperature and the peak in
the stretching band area vs. temperature) indicate the
more complete hydrogen bonding formation. A possible ex-
planation for this is the annealing effect, because the
samples were kept at a constant temperature for at least
20 minutes in order to reach temperature equilibrium in
the sample compartment before each infrared measurement.
The DP 1,10 and 1,8 samples might have been annealed at
that temperature, which causes the increase in crystal-
linity and reforms the hydrogen bonding structure.
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CHAPTER V
COMPARISON OF THE RESULTS OF REGION RELAXATION
WITH THE DSC AND INFRARED MEASUREMENTS
The mechanical measurements were carried out by using
48
a Vibron Dynamic Viscoelas tometer model DDV-II.,
, The over-
all spectrum of typical samples from every series, namely
DP 1,5, 4M 1,5, H 1,5 are shown in Figure 26. The low tem-
perature relaxations v/ill not be discussed here. Our pur-
pose is to compare high temperature relaxations in the
region to the results with DSC and infrared measurements.
Before these are discussed in detail, it may be noted that
the E* curve shows only a small change in the low tempera-
ture range of the y5 and y loss peaks but that a large de-
crease in E* is associated v/ith the c< peak in each case.
This decrease occurs at increasing temperatures in the
order of H 1,5 < 4M 1,5 < DP 1,5. Such a large decrease
in £• has been traditionally associated with the main glass
transition temperature of the material, and the E* behavior
in the oC loss peak region thus gives support to the assign-
ment of the d peak to the large segmental motions associated
with the glass transition.
The mechanical properties of the DP series were mea-
sured at 110 H,. Its relaxation behavior is very similar
to that of the o< relaxation in a series of polymothylene
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0
C-O-(CHp) ~0- 68reported by V/ard
,
terephthalates , -
who observed a temperature decrease in the cA peak with
increasing x in the repeat unit. Figure 27 provides a
comparision among the temperatures of the loss peak, the
T 's of the DSC measurement and the T-i's of the infrared
measurement for the DP series. It shows very good agree-
ment betv;een the results of DSC and Vibron measurements
and also shows these to be consistent with the infrared
results. This transition temperature decrease with in-
creasing methylene sequence length n is the common feature
among the three different measurements. Therefore, the
glass transition temperature in the DP series decreases
with increasing backbone chain mobility and flexibility.
The same comparison among the results of DSC, in-
frared and Vibron measurements for the series are
shown in Figure 28. All of them show irregular behavior
but again the different measurements are consistent with
each other. A few possible explanations can be advanced
to explain this random transition behavior. As mentioned,
the series is a hydrophylic material. Different water
contents will apparently influence the transition tem-
perature by acting as a plasticizer. Considerable care
was taken to insure sample dryness, and the measurements
by DSC, the dynamic mechanical technique and infrared were
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made some months apart. It thus seems unlikely that water
is responsible for the differences noted, and there is no
water absorption band found in the infrared spectra. Thus,
this explanation may be rejected. The hydrogen bonding
concentration has been considered as an important factor
to affect the glass transition in many polymers. As v;as
discussed in chapter IV, the series sample is a partial-
ly hydrogen bonded material. The extent of the hydrogen-
bonding concentration seems to correlate with the glass
transition temperature. Another explanation is the effect
of physical orientation as described in the chapter III.
This kind of small- regular structure will increase the
chain stability. The amount of physical orientation is
proportional to the methylene sequence length. Thus the
effect of the increase of chain mobility by increase the
methylene sequence length will be partially cancelled by
the effect of physical orientation, and' results the ir-
regular glass transition temperature in series samples.
Although the hydrogen bonding concentration and physical
orientation seem to be the most likely explanations for
these random glass transition temperatures, experimental
works must be done before a firm conclusion can be reached.
Further study on the relationship between the hydrogen bond
structure and physical orientation to the glass transition
in completely amorphous polymers would be very useful.
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The high temperature relaxation of the H series is
more complex than the DP and series as there are two
loss peaks in the glass transition region labeled d and c^^
in Figure 26. Figure 29 is a plot of the peak temperatures
for the o( relaxation vs. n for the H series comparing these
v/ith the T 's of DSC and T^'s of infrared. It is seen, the
major loss peak correlates very well v/ith T 's and T^*s.
Thus, it is reasonable to identify this transition as ari-
sing from the segmental motion associated v/ith the gD.ass
transition. The good correspondence among these data
shov/ing a decrease in temperature with increasing methylene
sequence length, n,' in the repeat unit, illustrates once
again the backbone chain mobility and flexibility effect
on the glass transition temperature.
The c^^ transition located at higher temperatures is
different from the transition with the smaller loss peak
and is insensitive to the methylene sequence length n. A
transition corresponding to the cX^ relaxation has also
been found in DSC and infrared measurements. Figure 30 is
a comparison plot of the temperatures, T^*s of DSC and
T^'s of infrared vs. n for H series. They are all in good
agreement, occurring within a small temperature range.
This transition is very dependent on the thermal history.
Figure 31 shows the DSC thermogram.s of H 1,2 subject to the
different thermal treatments. The first run sample was
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quenched from the molten state to "78°C and then heated at
o / .
10 C/mm. The notation refers to the large exothermic
peak observed for this quenched sample above T which, as
described in chapter III, is associated with the recrystal-
lization of the quenched amorphous material. The absence
of T^ in this run as v/ell as its endothermic nature indica-
tes that it does not originate from the transition or re-
crystallization of amorphous material. The sample was
heated to 120°C (below the melting point) and then quenched
o
to -78 C again for the second run. Now the small endother-
mic peak of T^ is evident in this partially crystalline
0
sample. The sample in the third run was annealed at 80 C
nd
for 12 hours after the 2 run. The T^ disappeared but Tg
still can be recognized for this annealed sample. Figure
32 shows the mechanical relaxations of H 1,2 in the glass
transition region. The samples were subjected to the iden-
tical thermal treatments as those for the DSC measurements
in Figure 3I. In the first run E' shows a sharp decrease
corresponding to the Tg without showing the subsequent
maximum associated with the peak. E" reveals an asym-
metric peak v/hich consists of overlapping mechanisms.
E* levels off above the (X region and this together with
the exothermic peak observed in the DSC measurements for
the same sample (Figure 3I) indicates crystallization
taking place. In the second run, well separated c{ and
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peaks are observed and corresponds very well to the
small endothermic peak in the DSC measurement for the iden-
tical sample. The third run shows only a single broad peak
in E' which presumably arises from the relaxation. The
temperature dependence of E* for the third run is quite
typical of the behavior of semicrys talline polymers around
From the good agreement of the DSC and Vibron measure-
ments, it becomes clear that T^ and o<
^
arise from motions
within the crystal phase associated with a crystal-crystal
first order thermodynamic transition.
T^ is the infrared measurement which may relate to
the T. and d. transitions is due to the change of the
" "t
total NH absorption band area above the glass transition
temperature. The increase in this area observed at T^
indicates a more perfect hydrogen bonding formation.
Therefore, by comparing the results of three different-
measurements, we may postulate that this transition is
related to better hydrogen bonding formation in the cry-
stalline phase. A similar transition was also found in
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Nylon 6 at temperatures above Tg . The lattic spacings
change from quenched to annealed H series samples was
observed by X-ray analysis^^. This evidence is support for
the essential correctness of the mechanism.
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TABLE II-l
Conditions of the Polymerizations
Polymerization Temperature ( C) /Reflux Time (hr.)
Diols Hexamethvlene
Diisocyanates
4, 4* -Methylene
Diphenyl
4-Methyl
Meta-phenylene
1,2 121/11,0 113/1.33 90/1.0
1,3 121/15.0 113/3.0 90/1.2
121/24.0 113/2.0 90/2.0
1,5 121/18.0 113/1.33 90/1.16
1,6 12l/2i|.0 113/1.95 90/1.33
1,7 125/30.0 113/8.0 90/1.1
1,8 121/2/1,0 113/1.5 90/1.4
<
1,9 121/26.0 113/4.0 90/2 .
0
1,10 121/2^1.0 113/1.33 90/2.5
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TABLE 11-2
Conditions for Purification of Diols and
Weight Corresponding to 0,1021 mole
Diols
Boiling
Points (°C)
Melting
Points (°C)
Weight
Corresponding
to 0.1021 mole (k)
1,2 77A.5 mmHg -17.4 6.20
1,3 199/760 mmHg 7.60
1,4 96/1.9 rnmHg 16 9.012
1,5 95/0.8 mmHg -18 10.414
1,6 250/760 mmHg 42 11.816
1,7 172/20 mmHg 63 13.220
1,8 250/760 mmHg 43 14.62^
1,9 169/14 mmHg 46 16.026
1,10 179/11 mmHg 71 17.428
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TABLE IT
-3
Carbon, Hydrogen and Nitrogen AnalyoiR for
the Various Series of Polyurethanes {%)
ExpcrimGntal Theoretical
Series H C' N H C N
H-.l,2 8,01 52.64 11.98 7.8?. 5?-. 22 12.15
H-1,5 8.44 56.87 10.02 8.26 57. '^2 10. 31
H-1,10 9. ^^2 66.22 7.62 8.90 66,92 7. 32
DP-1,2 5.30 64.88 8.69 5*13 65.42 8.97
4M-1,2 S*^'*- 52.31 9.90 4.50 5^^.00 12.62
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TABLE 11 "k
Viscosity Average Molecular Weight
H Series (n) My X 10
H-1,2 .775 5.80
H-1,3 .776 5.88
H-1,^1' .859 6,63
H-1,6 .876 7.20
H-1,7 .6614- 4.^8
H-1,9 .73^ 5.33
H-1,10 1.090 9.81
K = 5.52 X 10
a = .66
TABDB II-5
Integrated raolar extinction coefficient
for model compounds
Sample Free ]J~^ii (Liter/mole- cm )
H ^.^7 X 10-^
3
DP 6.3 X 10
3
IfM 3*kk X 10^
TABLE II I
-1
Glass transition temperature
from Perkin Elmer DSC-IB
H series DP series
Samples HI ii). ill (2L
1.2 139
1.3 31 119
1,4- 25 108
1.5 20 95 85
1.6 16 87 68
1.7 12 82 81
1.8 10 77 6k
1.9 6 73
1.10 6 67 6^
(1) Regular, (2) Annealed
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TABLE I II -2
Melting Temperature (°C)
From Perkin Elmer DSC-B
H Series DP Series
Samples Rep:ular Annealed Regular Annealed
1.2 163 167 2^1-3
1.3 157 161 232 234
1.4 175 180 237 242
1.5 150 155 187 189
1.6 165 165 194 197
1.7 143 146 187 191
1.8 153 157 195 197
1.9 147 147 185 190
1.10 150 154 186 192
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TABLE III-3
From DSC -IB
Samples H Series DP Series
1.2 12,5 13,3
1.3 1^.6 11.2
1,^ 17.6 13.2
1.5 12.7 7.95
1.6 18,0 9.23
1.7 13.1 6.92
1.8 15.9 11.6
1.9 1^.1 10.2
1.10 1^.6 7.91
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TABLE Ill-if
Recrystallization Temperature (°C), Heat of
Recrystallization and Heat of Fusion for
Quenched H Series Samples
From DSC-IB
« , m o« TT cai/gram „ . .Samples T^^ C - Hj^^^^^ H^ cal/gram
1.2 9^ 10.1 10,9
1.3 75 8.37 11.7
\,h 41 6.35 1^.0
1.5 ^7 7.65 11.1
1.6 36 6.88 14.8
1.7 43 9.0 12.9
1.8 35 7.65 15.7
1.9 29 7.80 12.8
1.10 23 6.90 14.3
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TABLE II I
-5
Quenched H Series Samples
-
"recry cal/gram
52 0,9
3.33
16 7.65
2? 3.^5
20 7.90
31 3.90
23 8e05
23 5.0
17 7.^
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TABLE III -6
for the H and DP Series obtained by the
X-Ray and Diluent Method
X-Ray Method Diluent Method
cal/g Kcal/mole cal/g
Samples H DP H DP H DP
1.2 42 35 9.68 10.9 46
1.3 41 34 10.0 11.1
1.4 44 37 11.4 12.6
1.5 35 34 9.53 12.0 40 37
1.6 43 33 12.3^ 12.1
1.7 36 30 10.8 11.5
1.8 42 36 13.2 14.3
1.9 37 3^ 12.1 13.9
1.10 40 37 13.7 15.7 ^3 ^0
» Based on the repeat unit molecular v/eight.
TABLE III-7
Phase-phase Transition Temperature (T
From DSC -IB
Samples T C
1,2 56
55
59
1,5 58
1,6 59
1,7 55
1,8 58
1,9 58
1,10 55
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TABLE IV-1
IR Spectrum Analysis of ij-M Series
Band (cm"'^) Intensity Group Remarks
3^30
3300
3110
2925
2857
1700-17^0
I6O8
1530
lk60
1420
1390
1335
1240
1137
1080
Shoulder
Strong
Weak
Strong
Strong
Strong
2/
1/
NH
NH
Medium
V
7/
CH2
CH
CO
C-C
Medium strong B^^^l
Weak t CH2
Medium
Shoulder
S PA
CH
Weak
Medium strong
Weak ^CH
Free NH group
Hydrogen bonded NH
group
C-H stretching in
aromatic group
Asymmetric stretching
of -CH^-
Symmetric stretching
of «*CH2~
Combination of free
and bonded C=0
stretching
C-C multiple bond
stretching in the
aromatic group
"Amide II band"
CH2 scissor
C-C stretching in aro
matic group
C-H bending of -CH^
group
Strong ^C-O-C
"Amide III band
In plane bending in
aromatic group
Asymmetry stretching
Continued on Table IY-1.
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1010
<
960
890
820
780
Weak
Shoulder
Weak
Weak
Weak
'CH
CH
4-?
In plane "bending in
aromatic group
In plane bending in
aromatic group
Out of plane bending
of one hydrogen or
two adjacent hydro-
gen*
Out of plane bending
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TABLE IV -2
IR Spectrum Analysis of DP Series
-1
Band (cm ) Intensity Group Remarks
3430-3390
3305
3200
3120
3036
2920
2850
1730-1700
1610
1598
1530
1418
1315
1230
1070
Shoulder
Strong
Shoulder
Weak
Weak
Strong
Medium
Strong
7/;NH
2/:NH
NH
CH
CH,
CH
^C=0
cc
Shoulder
Strong
Medium strong S nh
Weak ^
Strong
Medium
Strong
Strong
1/
CH
CC
^ -N
2/
CN
COOC
Free NH stretching
Hydrogen "bonded NH
stretching
cis NH stretching
CH stretching on aro
matic groups
Asymmetric stretching
of CHg
Symmetric stretching
of CH2
Free and bonded C-0
stretching combina-
tion.
C-C stretching of arO'
matic multiple bond
"Amide II"
CH2 scissor
C-C stretching in aro-
matic group
^-N bending
"Amide III"
Asymmetrical stretching
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Continued on Table IV -2,
920
855
820
Weak
Weak
Weak
770 Weak
CH
s
CH
CH
^ 0-C
In plane bending of
CH in aromatic group
CH2 rocking
Two adjacent hydrogen
bendings on aroma-
tic group
Out of plane bending
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TABLE IV
-3
IR analysis of H Series
-1
E-anfL-IamJJL intensity
3310
3050
2922
2850
1720-1680
15-^0
1^^75
1340
1265
1220
11^^-0
1082
1050
1010
780
725-30
Shoulder
Strong
Weak
Strong
Strong
Strong
Strong
Medium
Medium
Strong
Weak
Medium
Weak
Weak
Weak
Weak
Weak
^^yP- -Remarks
NH
2/.NH
^C=0
S NH
^CH2
V
CH,
CN
Vcc
r 0
Free NH stretching
Hydrogen bonded NH
stretching
H
N-CH^ stretching next
to NH group
Asymmetric stretching
Symmetric stretching
Combination of bonded
& free C--0 stretching
"Amide II band"
CH2 bending scissor
CH2 Wagging
"Amide III band"
Asymmetric stretch
Z/c-O-C Asymmetric stretching
CH
Out of plane bending
CH2- rocking
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TABLE IV
Solubilities of Polyurethanes
H Series DP Series Series
TrifliAoro Acetic Acid
- C=N
C^H^ - CN
CHg = CH
CH^Cl
CCI4
Quinolin
Pyridin
m-cresol
Dioxane
Dimethyl sulfoxide
T H F
Acetone
D M F
Sulfuric acid
1
3
3
3
3
3
3
3
1
2
3
3
3
1
1
3
3
3
3
3
3
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
* At room temperature: 1. soluble 2. swallen 3.
insolub]e
not observed
98
TABLE IV
-5
Density
Samples
H 1,10
H 1,9
H 1,8
H 1,5
Average for H Series
DP 1,10
DP 1,9
DP 1,7
DP 1,^
Average for DP Series
4M 1,10
km 1,9
4m 1,8
4m 1,5
Average for 4M Series
of Polyurethanes
Density (g/ml) at 20°C
1.125
1.12?
1.122
1.124
1.125
1.183
1.182
1.183
1.184
1.180
1.176
1.177
1.177
1.178
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TABLE IV -6
Total NH group concentration in solid state (mole/l)
Samples Series DP Series H Series
1,10 6.76 5,58 6.6
1,9 7.05 5.78 6.85
1,8 7.3^ 5.98 7.15
1,7 7.68 6.20 7.50
1,6 8.05 6.^5 7.86
1,5 8.46 6.70 8.27
1,4 8.90 6.97 8.72
1,3 9.^3 7.26 9.22
1,2 9.97 7.57 9.78
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TABLE IV
-7
Free and bonded NH group concentration
of 4M Series*
Free NH Hydrogen bonded NH
Samples a* (l/mole-cm ) % a*(l/mole-cm ) ^
3
J.kk X 10
1.10 28.2 1.32 X 10 71.8
1.9 29.0 1.10 X 10 71eO
if
1.7 25.1 1.06 X 10 7^.9
l,-6 32. 0- 1.06 X 10 68.0
1.5 22.2 1.07 X 10 77.8
l.k 21.7 1.19 X 10 78.3
* Below the Tg
From model compound
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TABLE IV-8
Transition temperature and hydrogen bonding
dissociation energy of 4r/I Series
Sample Tj^ C (Kcal/mole)
^l-M 1,10 42 5,03
im 1,9 35 ^•96
4m 1,7 43 5.0
iiM 1,6 28 4.56
4M 1,5 55 5c52
4M 1,4 45
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TABLE IV
-9
Free and bonded NH concentration of DP Series*
Free NH Hydrogen bonded NH
2 2Samples a* (l/mole-cm ) ^ a* (l/mole-cm )
DP 1,2
6.3 X 10^*
DP 1,10 26,1 1.^9 X 10 73.9
DP 1,9 27.5 1.59 X 10 72.5
DP 1,8 28.1 1.52 X 10 71.9
DP 1,7 26.7 1.50 X 10 73.3
DP 1,6 28.^1- 1.70 X 10 71.6
DP 1,5 26.0 1.62 X 10 7^:0
DP 1,^ 25.5 1.65 X 10 7^.5
DP 1,3 28.2 1.^0 X 10 71.8
* Below the T
g
** From model compound
TABLE IV-10
Transition Teraperatures of DP Series
Samples T^ C T2°C
1,10 50 142
1,9 ^6 128
1,8 66 158
1,7 eur 158
1,6 85 182
1,5 91 179
1,4 7^ 187
1,3 95 178
1,2 112
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TABLE IV
-11
Integrated molar extinction coefficient
of NH stretching for H Series in liter/mole cm^
Samples a* for bonded group a* for free g:rour)-^
H 1,10 1.2 X 10 k.i^7 X 10
k
H 1,9 1.19 X 10
H 1,8 1.21 X 10
H 1,7 1.39 X 10
H 1,6 1.36 X lo'*
k
H 1,5 1.^1 X 10
H 1,^ 1.41 X 10
H 1,3 1.27 X 10
H 1,2 1.30 X 10
3
From model compound
TABLE IV-12
Transition temperatures of H Series
Samples T-j^ C T2°C
H 1,10 0 13^
H 1,9 2 130
H 1,8 8 146
H 1,7
H 1,6 10 152
H 1,5 12 130
H 1,4 25 162
H 1,3 17 1^0
H 1,2 32 1^8
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TABLE IV
-13
Miscellaneous Data of H Series
% of bonded NH
AH of K-bond
Samples Before To After T2 ^ of Cryst . Kcal/mole
H 1,10 66 ^9.6 33.0 10.5
H 1,9
H 1,8 68.5 ^9.0 38.0 9.6
H 1,6 69.7 50.8 38.8 10.^
H 1,5 70.5 50.1 ^0.6
H 72.0 ^9.5 ^^•6
H 1,3 67o9 ^7.1 39.^ 8.5
H 1,2 59.5 ^2.0 36.^
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APPENDIX I
Resolution of overlapping alDsorption bands by least
squares procedure.
If n experimental data Y-j^, • Y^^ have been ob-
served, where Yj^ = Y {X^) , are abscissa coordinates
correspond to Y^^, v/hich are to be fitted to a function
(Xj^, P-^,
-^m^
' where P-^, • P^^^ are m parameters
defining the component band and base line. The best fit
is obtained when the parameters are chosen so as to mini-
mize the square of function and observation difference S,
^ 2
S = S (Fi - Yi) (1)
i=l
Where is a v/eight function.
If F is not a linear function of m parameters, the
optimum value of Pj^* readily be calcu-
lated from equation (1). However, if approximate value
Pj^* of the parameters can be guessed, F^ can
be taken as a linear function of the adjustment, =
p. - p.' is equal to optimize the parameters by using
Taylor's expansion and neglecting second and higher order
terms, this gives,
Ill
n
1 - ^i' + OFi/aPjAP (i=l, n) (2)p. = F j=l ^ J' 0
Where the prime indicates that and 9F./ap. are to be
evaluated for the approximate value of the parameters P^^*,
m
The condition to minimize S in equation (1) requires
that S = 0, and together with equation (2), a set of m
simultaneous equations is thus obtained for the require-
ment of parameter adjustment.
m n
^/^v- Z w. (aF./ap.)'{ ap./ap, )• =
0=1 ^ i=l 1 1 0 IK
n
Z (Yi - F^MC^F^/aPj^)' (k=l, ... m)...(3)
i=l
Using the value of tried parameters P-j_', • P^'
,
the coefficient
n
2 OFi/8Pi)'OFi/dPj^)' of ^Pj's and the
i=l
n
constant term Z (Y^ - F^* )O F^/a Pj^) ' in equation (3)
i=l
can be computed for each of the m equations, and then
the value of Pj^ niay be obtained by matrix inversion.
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The function F may be expressed in the form
n
F = Z + B (i=l, ...... n) ......0 0 W
i-1
where A-^* •••••• A^^ are function, each of which generates
a single band, and B generates a base line.
As F^ is not a linear function of parameters, the
corrections calculated from equation (3) will not com-
pletely optimize the parameters and the process must be
repeated using the improved parameters. This process of
" iteration" is continued until the parameter adjustments
calculated from equation (3) are negligible small. In
order to prevent the divergence of the function in these
repeated calculation, the damped least square procedure
described by Levenkerg^^ v/as used. The special condition
was also introduced by fixing the value of peak and half
width of each weak band, these restrictions are progre-
sively removed as the final solution is approached.
^
Feed arvaij KA>:i:(20)
Read array N'A>S
XZ(1) = i;HDA7A
Print array NAiJ
/^a^ X. , Y. list, nwnber of
bands, cr^d P^,«..,
rRead
array NAME
T
Read nur3^r o/ cr/cZc3(N'CYCLE),
dcnrpirg factor(D), ninber and
indices of fixed -parcmetera
A • 1
REMARKS
Forrnat 70K^
••JOB •• eigr^lo etart of new Job
••END " eignalo end of last Job.
"DAtA" eignale crA of title.
'Print out a lir^ of title
Read obacrved data £ tjricl
parameter values.
••RW " eigrjals Job net
ompleted. "JOB " eigr^U
present Job corr:plot^d but
another Job follcva.
"END " aigrjala end of
IcBt Job.
0®
?r-.r.i D end irAicsc of fixed
parameters
Cycle cour»tcr( ICYCLE) = 0
Calculate F^, i=:,....n;
1 m TiTi!
GCYCLE = KCYCLE
Calculate
Solve for A? ^ ; j=l ra
Adjust 'parameters
ICYCLE = ICYCLE + 1
Print ar^aSj plot observed arul
fitted curv3 end ccmpomnt
cujrjes
A
RDdARKS
Print cycle nijr2)er^currC'nt
parajneter valuss and
TOOt mean equare deviation.
F\p A 2
OJOti, S 1 7L364b,
^^LQu I P , 0'-J =60 " .
'"iiEOu I P , ",6 = 6 1
PPOGRA'/ RANDFIT
C ANALYZES SPr:CTRUV"lNTO NH GAuSfJ AN C O'^^PONEnt " BANDS PLUS LlN^AP -C BASELINE, L OF THE 3^NU+?. P Arv;U.|ETEf<S HL 1 KG HELD CONSTANT AT THEIR
C INITIAL VALUES. max VAluE OF N(i = 4, r/Ax NUMF.ER OF Y VAlJt = 1 -^0
D INTENSION X( lOO) ,Y( 100) ,F( ) ,P( 141 ,G( 13) , DF(1 00,14),
1DG( 13, 14 ) ,nA,vE{20) CMAT(27,27) ,Ufv'.AT(27)
, IFP( 13) '
DATA ( NAME 1 =4H JOL^ ) , ( N A v.F2 = 4 HD A T A ) , ( NAkE 3= 4h-|RuN )
PEAD(5,1) rjAr/'F -
1 FORMAT (20A4)
2 I F ( NAME ( 1 ) .NE .NAiVE 1 ) STOP
3 PE AD ( 5 , 1 ) ^JA,V!F
I F ( rJAYE ( 1 ) .•:0.NA.yE2 ) GO to 5
V./P I TE { 6 , 4 ) NAVE
4 FOkNVaT ( 1 H, 1 9Aa ) "
GO TO 3
C PEAD Nu^'^ER OF ORsf^P V'^T I CN3 " ' • -
5 READ (5,6) N
6 FOR VAT (13 14) "
C F ZAD OnsFPV^!^ DAjA
RE AD ( '3 , 7 ) ( X ( I ) , Y ( I ) , I = 1 , N )
'
7 FOR.vAt (BFlo»0)
DO 8 1 I = 1 , N
Y ( I ) =LOGF( 1 :0«0/Y ( I ) ) /LOGF ( IQ.Q
)
e: coNTiNu^i
"
C READ rJijVBFP OF BANDS
READ ( ^ ,6 ) Nn
*•' = 3 NR + 2
C READ tPI/^'L V'^'LuEs OF PArAMEtERs" ' " ' - -
•
DO 6 I=1,NB
J 1=3^^1 -2
J2 = 3^<- I - 1
J3 = 3^;-I
RE AU ( =5 , 7 ) P ( J 1 ) , M ( J2 ) , P ( J3 )
6 P ( J 1 ) =LOG=^' ( 1 CO . r./^ ( J 1 ) ) /LCGr ( 1 CO )
C READ TRIAL PAPAvEtERS FOR hAbELlNE
Jl=3-»NR+1
j2-3-^rNB + 2
READ( E,7) P( Jl ) ,P( J2)
P( Jl ) =LCGF( lor .^/P( Jl ) )/EOCF( Ir.O)
P ( J2 ) =LCGF ( 1 OO • r /P ( .J2 ) ) /LOGF ( 1 . n )
9 RFAD{ 5, 1 ) NAME
I F ( NAME ( 1 ) .NE . NAME3 ) GO TO 22
RE AD ( , 10) NC Y CLE , U
IQ FQRN'AT ( I 4 , F 1 0 . 0 )
C READ NU'-V3ER CF FIxED PARAMETERS
RE AD (5, 6) L
LM = L + iV
C READ INDICES QF FIXED PARAMETERS
IF(L.NF.O) READ (E, 6) ( I FP ( I ) , I = 1 , L)
'.VR I tE ( 6 , 1 1 ) D , ( I -"P ( I ) , 1 = U L )
1 1 FORMAT ( / 1 H , F 1 r . 6 , 1 3 I 4
)
i..'P I TE ( 6, 4 )
ICYCLE=C
,
•
-
C CALCULATE F FOR X=X(1) TO X(N)
12 CALL FCALC (^.,X.Nf ,P,F )
C CALCuAtAtE C for the L FIXED PARAMETERS
CALL GCALC(L«G)
wR I TEr-( 6 ,-1 3 )-1 cv CLP ,-c;t)Tn=TTr;u^TT7^T
FORMAk 1H, I?,E14.6,5(2x,3F7.3>
)
IF (I C YCLF
. EOVNCYCCr)" " GO tO"~<5"CALCULATE PARt I AL DFR I \/At r \/c- c n.- cr , ,r^^ r-
...^
L-h.KlVATIVLS Or F wRj THE M PARAMETERSFOP x =x(n jo x(N)
CALL DFCALC(N,x,F,NB,P,DF)
Knl^^^^rrnr^^
PARTIAL- DER Iv AtTvEs" OF-'G wRt THE-W-p ArTAME-TlTRS-f-OR LACH OF THL- L HIxED PARAMETERS
CALL DGC AL C ( W , L , IFP , DG") —
LOAD DHAt elements 1 TO IM
DO 14 J= rTM
DMAt ( J ) =0.
DC" 1 4 I = 1", N
~
DvAt
( J ^_=^^TJ_J I « -J ' ^ < ( I )
-Y { I ) )
LOAD DMAt ELE-'/IENtS 1 TO M+L
DO 15 K= 1 ,L
J = J+1
DMAt ( J ) = -ZT^) : ~
iNlTlALlzf- ALL CMAt ELEMENTS TO ZERO
DO 16' j= 1 , U^, • —
DO 1 6 K= 1 , LM
Cm At ( j, k ) =;/. :
LOAD CMAt elements IN RANGE J=l tC M,K=1 TO '-L
DO 18 J= 1 ,M
DO IB K = J,'>/'
C--' At ( J , K ) = C.v.Aj ( J « i< ) +DF ( I , J ) ^-DF ( I , !<)
CMAt ( K , J ) =C"-"At ( J ,K"J
LOAD CMAt ELEvENtS IN RANGE J = Vi+i yc M +L, K=l tO M
and tC m ,'"k = m+ vto m+l:
[ 0 1 9 I = 1 , L
J - + I —
DO 19 K=1,M
CMAT { J « K ) =DG { I , K
)
CMAT ( K , J ) =DG ( I , K
vuLT I PLY D I AGCNAL""E:LE':-':ENtS'~OP' CMAT ' By ' ( 1 +DA,MPI>:G "FACtOR^^*2T
DO 2n J=1,M
CVAt ( J , J ) = ( 1 .VD-"-D-r-5S-CMAT ( J /J )
'"
^OLv'^ FOR PAPamEtER AD JuST'^'iENTS
C ALL MAT I NV ( CM At , DMAT LMl
ADJUST PARAMETER vALUS
DO 2 1" j= r,;v —
P ( J ) =P ( J ) +DMAT ( J
1 C Y CL E = I CVC CE +"1
"
GO TO 12
WR I TE ( 6 »'T)
~
DO 23 I--^1,NB
CALCULATE ' AREA"' nENEATH^l'^AND""!'''
A = AREA ( P ( 3-:M -2 ) « P( 3^ I ) )
WRI TE ( 6 , 24 ) "I V'A'
FORMAT ( 1 H, 12, E 1 4.6 )
i.;R I tE ( 6 , 4 ) '
CALL FCALC(N,x,NEi,P,F)
D0"95 I='r,N
F ( I ) ^ExP ( LOCK ( 1 OQ.Q ) -LOGF ( 1 0 • 0 ) •>;F { 1 ) )
PRINT aS,X( I ) ,F( I
)
_FORM.AT (5x.»X=_^,El4.6.5x,» F= *,E14CONTINUE
GO TO g
"fnd ~ —
_,SUBROuT I NE _FCALC ( N , y « NB , P , F )
DI Vf£NslON X( loo )'Vf ri0 0T,pTM")
Q 1 =P ( 3)^NB-t- 1_)
c 2 = ( p ( 3*NB+2Tioi ) / ( xTNir-xTrn
DO 1 I =: 1 ,N
F ( I ) = o 1 + Q2^^ { X rn"-xTn"T "~ —
O 1 =LCGF (2.0)
DO 2 J=r;NB ~ :
Q2 = -4 • K-O 1 /p ( 3^ J ) ^.^2
03 =P ( 3* J-2 )"
0/4 =P ( 3^^ J- 1 )
DO 2 I = r,N
F ( I ) --F ( I ) +03*FxP ( 0'2* ( x ( I ) -Q4 ) >
petuI'^n
END
SURPOut'I NF~ GCALC rCTG')
D I MENS I ON P ( 14) , I FP ( 1 3 ) , G ( 13)
DO 1 I = r,r
G( I ) =G«
RETURN
END
FuNC T I ON DPMS ('n"* F , y")
'
D I N'L N I CN F ( 1 r o_) VjJ_COj
DO 1 I = 1 ,N
DC<Mc, = DR,'vl5+ ( F ( I )
-Y ( T ) )T4'2
DRV.S = SCRT ( DRMS/FLOAt ( N ) )
RETURN
END
Su;3P0u T I NE"' D'FC AQC r^TVyrrF n ^W^pTDF )
D I v.ENS 1 ON X (J_C 0 ) .F ( loo ) ,P( 1 4 ) , OF ( 1 OO « 1 ^ )
CI =LOGF( 2.0 )
"'
DO 1 K=1,NB
J 1 =3*K-2
J2 = 3^^K-1
02 =P ( J 1 )
03=:P { J2 )
04 =P ( J3
)
05 = B. -^J-O 1/04 '
DO 1 I = 1 ,N
06= ( X ( I ) -03 ) 704
c - ( I , J 1 ) =e:xP ( • 1 ^06^06
)
DF ( I , J2 ) =DF ( I , J 1 ) -x-62 *Qb-«-0'6"
"
DF ( I , J5 ) =DF ( I , J2 ) -X-Q6
DO 2 I = 1 ,N
07 = ( x ( I ) -X ( 1 ) ) / ( X (
-XjJ )_)
DF ( I , J3+ 1 ) = 1 .-07
DF ( I , J3+2 ) =07_
RETl'f^N
END
SUBROUT I NE DGCALC ( :/ , L , I FP, DG)
D 1 y.ENs I ON I FP { 1 3 ) « DG ( 1 3 , 1 4 )
DO 1 l<=l,L
DO 1 J=
1
DG ( K, J ) =0.
IF( J.EO. IrfMK) ) r^GCK, J) = l .
CONTlNut.-
f,!,.Rf<oi.jT I NE r. At I nv ( a , n , n )
f-OLuTlON CF Ay.-^li RL T'^;PNED In ;i. A Ic Arj MxN
B Is AN NX 1 riATRIX
C
I MENS I ON A ( ^7 , P7 ) , B ( 27 ) , I P
{
Z ?) , I n ( 27, 2
)
D = 1 .
DO 1 I = 1 ,N ~- — -
IP( I ) =0
DO 1 1 I = 1 ;n " " " " " - -
AMAx = n •
DO 3 J = 1 ,N " -
IF( IP( J) ,Gt«0) CO TO 3
I F ( 1 P ( J ) ,LT • 0 ) CO TO "A
DO ? '<= 1 ,N
I F ( I P ( K) .FO. 1 ) GO TO 2
I F ( I P ( l< ) ,Gt • 1 ) GO TO 4
i~(A"n( A( J,K) ) .LE.Ar/Ax) GO tO 2
I P = J
Alv,Ax= A3£( A ( J ,K ) )
CCNT I NUE ' ' "
CONT I NuE
I='(IC) = IP(IC) + 1
I F ( AVAx .GT . 1 •E--3c^ ) GO TO 6
r-; I tE ( 6,^ ) '
F0PVAT(/16H SINGuLAP [•''ATP? I X )
STOP
IF ( IR.EC. I C ) GO TO 8
D = -D
DO 7 K = 1 ,N
AvAx= A ( I R , !<)
A( IR,K)=A( IC,K)
A ( I C . K ) = AVAX
AyAx=n ( I R
)
P. ( I R ) ^ f i ( I G )
n ( I G ) = AWAX
I N ( I , 1 ) = I R
I N ( I , 2 ) = I G
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D = D-«-AMAx
A ( I G , I G ) = 1 .
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AMAx= A ( J , I G
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A ( J , K) = A ( J , I" ) - A ( I G , K ) AM Ax
B( J) -^r:( J)-f^( IG ) >;amax
CONT I MUF
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END
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CAPTIONS FOR FIGURES
Figure li The block diagram of Differential Scanning Calo-
rimeter.
Figure 2t The glass transition temperatures of DP series
vs. W^.
Figure 3: DSC thermograms of H 1,2.
Figure 4i The structure of temperature variation chamber
for infrared measurement.
Figure 5» Cross section of temperature variation chamber.
Figure 6: Thickness calibration curve of H series.
Figure 7i Thickness calibration curve of DP series.
Figure 8i Thickness calibration curve of series.
Figure 9! Infrared spectra of 1,10 at different tempera-
tures
.
Figure 10 1 Infrared spectra of DP 1,10 at different tem-
peratures .
Figure 11 i Infrared spectra of H 1,10 at different tempera
tures
•
Figure 12 i Area of NH vibration band vs. temperature for
4M 1,10, 4M 1,9.
Figure 13 1 Area of NK vibration band vs. temperature for
1,7.
Figure 14 1 Area of NH vibration band vs. temperature for
i^M 1,6, 4m 1,5.
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Figure 151 Area of NH vibration band vs. temperature for
DP 1,10, DP 1,9.
Figure 161 Area of NH vibration band vs. temperature for
DP 1,8, DP 1,7,
Figure 171 Area of NH vibration band vs. temperature for
DP 1,6, DP 1,5.
Figure 18
»
Area of NH vibration band vs. temperature for
DP 1,4, DP 1,3.
Figure I91 Area of NH vibration band vs. temperature for
H 1,10, H 1,9.
Figure 20: Area of NH vibration band vs. temperature for
H 1,8, H 1,6.
Figure 21t Area of NH vibration band vs. temperature for
H 1,5, H 1,4.
Figure 22 1 Area of NH vibration band vs. temperature for
H 1,3, H 1,2.
Figure 231 The alignment backbone structure of H 1,2 and
H 1,3.
Figure 24: The alignment backbone structure of H 1,4.
Figure 25 » The NH vibration band shift with temperature
of 4M 1,10, DP 1,10, and H 1,10.
Figure 26: E' and E" for H l,5f DP 1,5 and 4M 1,5-
Figure 27: Comparison of glass transition temperature
among the mechanical, DSC and infrared mea-
surement of DP series.
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Figure 28
1 Comparison of glass transition temperature
among the mechanical, DSC and infrared mea-
surement of series.
Figure ^^\ Comparison of glass transition temperature
among the mechanical, DSC and infrared mea-
surement.
Figure 30 i Comparison of phase transition temperature
among the mechanical, DSC and infrared mea-
surement.
Figure 31 « DSC therraalgrams of H 1,2 sample, subjected
to the different thermal treatment.
Figure 32 1 £• and E" of H 1,2 sample subjected to the
different thermal treatment.
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